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Abstract
Neutron-rich rare-earth isotopes were produced by in-flight fission of 238U ions at the Radioactive
Isotope Beam Factory (RIBF), RIKEN, Japan. In-flight fission of a heavy, high-intensity beam of
238U ions on a light target provides the cleanest secondary beams of neutron-rich nuclei in the rare-
earth region of isotopes. In-flight fission is advantageous over other methods of nuclear production,
as it allows for a secondary beam to be extracted, from which the beam species can be separated and
identified. The excited states of nuclei are studied by delayed isomeric or β-delayed γ-ray spectroscopy.
New K isomers were found in Sm (Z = 62), Eu (Z = 63), and Gd (Z = 64) isotopes. The key results
are discussed here.
Excited states in the N = 102 isotones 166Gd and 164Sm have been observed following isomeric decay
for the first time. The K-isomeric states in 166Gd and 164Sm are due to 2-quasiparticle configurations.
Based on the decay patterns and potential energy surface calculations, including β6 deformation, both
isomers are assigned a (6−) spin-parity. The half-lives of the isomeric states have been measured to be
950(60) ns and 600(140) ns for 166Gd and 164Sm respectively. Collective observables are discussed in
light of the systematics of the region, giving insight into nuclear shape evolution. The decrease in the
ground state band energies of 166Gd and 164Sm (N = 102) compared to 164Gd and 162Sm (N = 100)
respectively, presents evidence for the predicted deformed shell closure at N = 100.
A 4-quasiparticle isomeric state has been discovered in 160Sm: the lightest deformed nucleus with
a 4-quasiparticle isomer to date. The isomeric state is assigned an (11+) spin-parity with a measured
half-life of 1.8(4) µs. The (11+) isomeric state decays into a rotational band structure, based on a (6−)
ν 52
−
[523]⊗ν 72
+
[633] bandhead, determined from the extracted gK−gR values. Potential energy surface
and blocked BCS calculations were performed in the deformed midshell region around 160Sm. They
reveal a significant influence from β6 deformation and that
160Sm is the best candidate for the lightest
four-quasiparticle K isomer to exist in this region. The relationship between reduced hindrance and
isomer excitation energy for E1 transitions from multiquasiparticle states is considered with the new
data from 160Sm. The E1 data are found to agree with the existing relationship for E2 transitions.
K isomers were also observed in 159Sm, 161Sm, 162Sm, 163Eu, and 164Gd, some of them for the
first time. Their level schemes are presented and discussed in terms of blocked BCS calculations. The
ii
reduced hindrance of E1 transitions in these isomers is discussed. Isomers are also observed in 164Eu,
165Eu, 167Tb, 168Tb, and 169Tb, however, the statistics are too low for analysis beyond γ-ray energy
measurements.
The isotopes 160Sm, 161Sm, and 162Sm were populated for the first time via β decay of 160Pm,
161Pm, and 162Pm respectively, also at the RIBF using in-flight fission. β-delayed γ rays are present
in all three isotopes. Further analysis is needed to calculate the β-decay half-lives.
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Chapter 1
Introduction
The atom was first hypothesised around 460 B.C. by the Greek philosopher Democritus, but this
idea was largely ignored until the end of the nineteenth century. The atomic theory of matter was first
experimentally determined when the English chemist, J. Dalton, performed experiments in the early
nineteenth century that showed matter seemed to exist as particles. The electron was then discovered
by the English physicist J. J. Thomson in 1897, who also proposed a model of atomic structure. In
1911, Ernest Rutherford discovered the nucleus of the atom [1].
The nucleus is simple in terms of its composition: it is essentially a collection of protons and
neutrons. However, the interactions between these particles makes it difficult to predict the properties
of the nucleus as a whole. Despite its discovery in 1911 there are fundamental questions still to be
addressed regarding the nucleus, such as the nature of the nuclear force between nucleons. Nuclear
physics must be approached in a phenomenological way: employing different nuclear models to describe
the nucleus depending on the number of constituent protons and neutrons.
The intrinsic rotation of a nucleus is a phenomenon often studied in nuclear physics as its associated
properties provides nuclear structure information. The spin, parity and energy of the rotational states
of the nucleus may be measured using γ-ray spectroscopy and by measuring angular correlations
between γ rays. The existence of nuclear metastable, or isomeric, states can be a useful tool in studying
the nucleus; enabling spectroscopic investigation of intrinsic and collective states that might otherwise
be difficult to observe due to their short half-lives. A study of isomeric states can provide information
on the nucleon orbitals and, indirectly, on higher-order deformations (octupole and hexadecupole) in
the nucleus [2].
1
1.1 Motivation
An investigation of neutron-rich rare-earth isotopes can further our knowledge in the structure and
shape evolution of these nuclei. Nuclear data on rare-earth isotopes may also provide some insight
into the origin of these nuclei, i.e. help to identify in which stellar objects they are formed. To date,
the limits of bound neutron-rich isotopes, the neutron drip-line, is unclear, as shown in Fig. 1.1. This
work probes towards the predicted neutron drip-line to provide previously unknown data on these
isotopes.
Figure 1.1: The chart of nuclides. Little is know about the neutron-rich nuclei towards the neutron-
drip line. Image from M. Thoennessen [3].
Rare-Earth Elements (REE) are comprised of the 15 lanthanide elements. 170Dy (Z = 66, N = 104)
is a heavy, doubly mid-shell REE nucleus that lies directly between the doubly magic nuclei 132Sn
(Z = 50, N = 82) and 208Pb (Z = 82, N = 126). By studying 170Dy and its surrounding isotopes,
nuclear shape evolution in this area can be explored. Fig. 1.2 shows the limits of previously known
nuclear data in this region.
There are two types of models which describe nuclei: single-particle models and collective models.
Single-particle models, such as the shell model, are successful at describing the properties of nuclei
at or near closed magic shell numbers. They are also useful in describing deformed nuclei whose
properties arise from the valence nucleons, such as the Nilsson model. The properties of nuclei that
arise from many, or all, nucleons acting together are described by collective models. Collective models
are typically used to describe the behaviour of nuclei that exist far from closed shells, i.e. have a
large number of valence nucleons. In the rare-earth nuclei 170Dy has the largest number of valence
particles. It could be expected to be among the most collective nuclei and there is some evidence of
a deformation maximum at 170Dy [4]. A further investigation into the nuclei in this rare-earth region
may reveal the extent of collectivity.
Exploration of rare-earth nuclei may also provide clues about the REE peak in the elemental
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abundance chart at Z ∼ 60, A ∼ 160, the origin of which is as yet unexplained. Rare-earth elements
are created via the r process and, to date, the site at which the r process occurs is unclear. Information
regarding the nuclei produced in the r process can be used to test nuclear models which are based at
various astrophysical sites. Proving the existence of sub-shell closures in this region will also contribute
to our understanding of the REE peak at A ∼ 160.
Figure 1.2: The chart of nuclides in the REE region. The blue line shows the limits of known excited
states in nuclei [5]. The red boxes highlight the nuclei studied in this work. All isotopes shown to the
right of the blue line were discovered by J. Kurcewicz et al. at GSI [6].
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Chapter 2
Nuclear theory
The nucleus can be described as a collection of nucleons (protons and neutrons) bound together
by a strong nuclear force. Nucleons interact through this strong nuclear force, which is independent of
the type of nucleon (known as charge independence). The main components of the nuclear force are:
the central force, the tensor force and the spin-orbit force. The properties of nuclei may be understood
in terms of their constituent nucleons’ interactions, however, this becomes an increasingly complex
method for studying heavier nuclei. Instead, nuclear models are constructed to provide a simplified
view of nuclear structure, that can explain and predict the nuclear properties.
2.1 Nuclear models
Several different models have been developed to attempt to describe and predict the differing
behaviour of nuclei across the nuclear landscape. Nucleons reside in shells within the nucleus and,
much like electron shells in an atom, there is a limit to the number of nucleons that can exist in one
shell. This limit arises from the quantum nature of these particles: all quantum particles in a potential
have quantised energy levels. Large energy spacings between groups of these energy levels leads to
the emergence of a shell structure. Nuclei at or near closed shells are most accurately described by
the single particle models; in particular the shell model, whereas nuclei far from these numbers can be
better explained using a collective model, or by an extension to the single-particle models. Neutron-
rich rare-earth isotopes are mid-shell nuclei, therefore we adopt the latter approach to describing their
structure and behaviour. Mid-shell nuclei are expected to be fully collective and are therefore a good
testing ground for collectivity and possible sub-shell closures.
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2.1.1 Single-particle models: The shell model
The nuclear shell model has been adapted from the shell model used in atomic theory, whereby
the noble gases represent stable configurations of electrons [7, 8]. Here shells of electrons are filled in
increasing energy according to the Pauli principle [9] (both electrons and nucleons are fermions and
therefore both must obey the Pauli principle). The atomic properties are then determined by the
valence electrons while completely filled shells are considered to be inert [10]. In the shell model the
nuclear properties are determined by valence nucleons.
There is a lot of evidence to support the existence of shell structure within the atomic nucleus,
validating a shell model description. Strong proof can be found in that the separation energy, SN or
SP (the energy required to remove a neutron or a proton from the nucleus) increases gradually with
N or Z, except for some sharp drops that appear at the same N and Z numbers for every element.
These correspond to the shell closures. These are known as ”magic numbers” and occur at Z (or
N) = 2, 8, 20, 28, 50, 82 and 126. Magic numbers are also evident in the energies of the first excited
states in even-even nuclei, shown in Fig. 2.1 and discussed further in Sec. 2.1.3. Nuclei with these
magic numbers of protons and/or neutrons are especially stable, which led to M. Goppert Mayer [11]
and, independently, O. Haxel, J. Jensen, D. Hans and H. E. Suess [12] to suggest the shell structure
of the nucleus.
The shell model potential is an intermediate form of the infinite well potential and the harmonic
oscillator potential, known as the Woods-Saxon potential. Both the infinite well potential and the
harmonic oscillator potential give the magic numbers of 2, 8, and 20, but beyond this they do not
predict the observed magic numbers. The Woods-Saxon potential predicts the observed magic numbers
when combined with a spin-orbit potential, and gives a more realistic shaped potential. The Woods-
Saxon potential more accurately represents the observed properties of the nucleus, such as the “skin
thickness”, where the force felt by the outer nucleons is less than those in the centre. The Woods-Saxon
potential is expressed by [13]:
V (r) =
−V0
1 + exp[(r −R)/a] (2.1)
where V0 is the well depth of the nuclear potential, R is the mean radius of the nucleus, and a is the
skin thickness of the nucleus. Empirically R = 1.25A1/3 fm and a = 0.524 fm [10]. The Woods-Saxon
potential is combined with a spin-orbit potential [14] to reproduce the experimental observations of
spherical nuclei and give the proper separation of the subshells [12] shown in Fig. 2.2. The spin-orbit
coupling pushes the high-j orbitals lower in energy and the low-j orbitals higher in energy, where j is
the total angular momentum of a particle with intrinsic spin, s in an orbit with angular momentum, l.
The spin-orbit interaction is written as Vso(r)l · s where the l · s factor is responsible for the reordering
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of the levels. The total angular momentum of a nucleon in an orbital is j = l ± s where the nucleon
has s = 12 , except for when l = 0, where j =
1
2 only. The splitting due to the spin-orbit effect is
directly proportional to the orbital angular momentum, l (i.e. there is larger separation of orbitals at
higher values of l). For a pair of states with l > 0 the energy difference can be calculated:
〈l · s〉j=l+1/2 − 〈l · s〉j=l−1/2 =
~2
2
(2l + 1) (2.2)
The p (l = 1) and d (l = 2) splittings do not reorder the levels majorly, but the splitting of the f shell
onwards regroups the levels in a significant way, as seen in Fig. 2.2.
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Figure 2.1: The energies of the first excited states in even-even nuclei. The E(2+) of the magic numbers
of N = 8, 20, 28, 50, 82, and 126 appear much higher in energy than the other neutron numbers. A
deformed magic number is also visible at N = 40 from 68Ni.
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Figure 2.2: The shell model levels. On the left are the levels given by the Woods-Saxon potential.
The levels on the right are defined by the Woods-Saxon potential in combination with the spin-
orbit potential. Image from [10]. The spectroscopic notation on the left denotes the orbital angular
momentum, l, given as a letter with a number, n, proceeding it that denotes the order of energy states.
1s is the lowest s state, 2s is the second et cetera. Neutrons and protons are non-identical particles
and so we may have 2 protons and 2 neutrons in the 1s shell, 4 protons and 4 neutrons in the 1p3/2
shell, et cetera.
Shells are labelled using spectroscopic notation borrowed from atomic physics (although the nuclear
physics notation begins at 0, not 1 for the orbital angular momentum). Each shell has an orbital
angular momentum quantum number, l, associated with it. The parity of a state or shell can be
calculated using (−1)l, which leads to positive parity for all even l-values and negative parity for odd
l-values. The parity of a nucleus is a ‘symmetry’ of the nucleus: if the wavefunction of the nucleus
remains the same after the positive direction of the three Cartesian axes are inverted then the nucleus
has positive parity. If the wavefunction is multiplied by −1 after the inversion then the parity is odd
[15].
Nuclear states are degenerate when they have the same energy as each other. Multiple nucleons
may exist in these states (which is considered to be one state) providing they have different quantum
numbers. This limitation on nuclear states is due to the Pauli exclusion principle: no two fermions (in
this case, protons and neutrons) may occupy the same state at the same time, i.e. there can only be
one fermion occupying a state with quantum numbers l, ml, ms [16], where the quantum numbers ml
and ms are the orbital angular momentum quantum number and the intrinsic spin quantum number
respectively. Protons and neutrons are non-identical particles, therefore this rule applies to each type
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of nucleon separately. For example, we may have two protons in the 1s shell and two neutrons in the
1s shell, where each proton/neutron has a spin of +12 and −12 .
The degeneracy of a state dictates the number of protons and neutrons that can reside in this state.
The magic numbers beyond Z or N = 20 are not accounted for when only the Woods Saxon potential
is considered, however, by including the spin-orbit potential the correct magic numbers appear and
the proper separation of the subshells emerges (see table 2.1). The number of nucleons (multiplicity)
that can exist in each shell (s, p, d, et cetera) considering only the Woods Saxon potential is given by
2(2l + 1). The (2l + 1) factor arises from the ml values and the factor of 2 from the ms values. The
degeneracy of the each level is (2j+ 1) in the presence of the spin-orbit interaction, resulting from the
mj values: mj = ±12 ,±32 , ...± j, where ml and ms are no longer “good” quantum numbers [10]. For
example, there is a total of 6 protons (or neutrons) that may reside in the p (l = 1) shell, given by
2(2l + 1). Up to 4 may exist in the p3/2 level and up to 2 in the p1/2 level, given by (2j + 1).
Symbol l-value Parity, pi Degeneracy: 2(2l + 1) j = l ± s(l ≥ 0) Degeneracy: 2j + 1
s 0 + 2 1/2 2
p 1 - 6 1/2, 3/2 2, 4
d 2 + 10 3/2, 5/2 4, 6
f 3 - 14 5/2, 7/2 6, 8
g 4 + 18 7/2, 9/2 8, 10
h 5 - 22 9/2, 11/2 10, 12
Table 2.1: Calculating the degeneracy of the shell model orbitals. The first degeneracy column
only accounts for the Woods Saxon potential; the second degeneracy column includes the spin-orbit
potential.
2.1.2 Single-particle models: The Nilsson model
The nuclear shell model levels are based on the assumption that the nuclear potential is spherical.
Few nuclei fit this criterion; many are non-spherical, or “deformed”. Shell model calculations are also
best suited to light nuclei, or those at or near closed shells. Once valence nucleons (additional nucleons
to the closed shell, or “magic” shell nucleons) occupy many j orbits the shell model calculations become
unfeasibly large and difficult to interpret. Again, there are few nuclei whose valence nucleons all exist
in only a few j orbitals: the majority of nuclei belong to the many-valence nucleon category [17].
Alternatives, or modifications to the shell model are therefore required, such as the Nilsson model
[18].
The Nilsson model was developed to include the effects of deformation on shell model states
and describes the single-particle states in deformed nuclei. The Nilsson model potential is a deformed
8
single-particle potential that approximates the deformed nuclear shape, however l is no longer a “good”
quantum number. Many variations of the deformed single-particle potential are used in calculating
Nilsson-type Hamiltonians, such as the deformed harmonic oscillator potential, the modified harmonic
oscillator potential, and the modified Woods-Saxon potential [17]. The modified harmonic oscillator
potential was used originally by S. G. Nilsson [18].
By performing calculations for deformed nuclei using the Schro¨dinger equation, energy states arise
that have mixtures of different l values that depend on the spatial orientation of the orbit with respect
to the symmetry axis. In a spherical nucleus all magnetic substates are degenerate and there is no
distinction in energy as a function of angular orientation of motion. For deformed nuclei the energy
depends on the orientation of the wavefunction, Ψ, with respect to the symmetry axis, although there
remains a twofold degeneracy corresponding to clockwise and counter-clockwise motions. A projection
of the components of j along the symmetry axis results in the degenerate components Ω and −Ω. The
positive Ω projections are shown in Fig. 2.3 for a prolate deformed and oblate deformed nucleus. For
example, a deformed 1f7/2 shell can hold 8 nucleons with 8 possible values of Ω: ±72 , ±52 , ±32 and
±12 . The negative Ω states have the same energy as the positive Ω states due to reflection symmetry
which means there are 4 states each with a degeneracy of 2. Figure 2.3 shows the possible orbits of
the 4 states that have emerged from the 1f7/2 shell. Some states can only appear through mixing of
different l and j values (possible mixed states can be seen in table 2.2). Mixing only occurs within the
same major oscillator shell (shells separated by the magic numbers) and the parity of the mixed states
must be the same in the shell model. However, as the nucleus becomes more deformed the mixing of
states increases, including across the major shells.
The Nilsson model orbitals are visualised in Nilsson diagrams, such as in Fig. 2.4, that show the
splitting and mixing of states from the nuclear shell model. The labelling of the states is of the
form Ω[NnzΛ], where Ω is the projection of the single-particle angular momentum on the symmetry
axis (shown in Fig. 2.3), N is the principle quantum number, nz is the number of nodes in the
wave function in the z direction, and Λ is the component of the orbital angular momentum along
the symmetry axis. K is often used as a substitution for Ω in the Nilsson model notation as the
rotational angular momentum of an axially symmetric nucleus is perpendicular to the symmetry axis
and therefore does not contribute to the projection of total angular momentum, K. The difference
in magnitude of Λ from the projection of the total angular momentum, K, reveals the alignment of
the intrinsic nucleon spin with the orbital angular momentum. The nucleon spin is aligned with the
orbital angular momentum if K has a greater value than Λ and anti-aligned if K is smaller than Λ,
i.e. K = Λ± 12 .
Figure 2.4 shows that the possible states of a nucleon are more mixed the further they are from a
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spherical potential. The nuclear deformation in the Nilsson diagrams is represented by the deformation
parameter, 2, which is 0 for a spherical potential.
Table 2.2: Mixing of the shell model orbitals.
Major oscillator shell number, N Possible shell mixing l − value(s)
0 1s1/2 0
1 1p1/2, 1p3/2 1
2 2s1/2, 1d3/2, 1d5/2 0, 2
3 2p1/2, 2p3/2, 1f5/2, 1f7/2 1, 3
4 3s1/2, 2d3/2, 2d5/2, 1g7/2, 1g9/2 0, 2, 4
5 3p1/2, 3p3/2, 2f5/2, 2f7/2, 1h9/2, 1h11/2 1, 3, 5
6 4s1/2, 3d3/2, 3d5/2, 2g7/2, 2g9/2, 1i11/2, 1i13/2 0, 2, 4, 6
Figure 2.3: Single-particle orbits of prolate deformed nuclei (top) and oblate deformed nuclei (bottom)
with j = 72 . The energy levels in a nucleus depend on Ω. Image from [10].
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Figure 2.4: The Nilsson model orbitals. The deformation parameter, 2, is on the x-axis and energy
(in terms of angular momentum) is on the y-axis. The units for ~ω are approximately 41A−1/3 MeV.
The solid lines represent positive parity states and the dotted lines represent negative parity states.
Image from [17].
2.1.3 Collective models
Single particle models describe nuclei in terms of their valence nucleons, however, some nuclear
behaviour cannot be explained in terms of the valence nucleons only. The main approach to represent
this nuclear behaviour is to consider the macroscopic motions and excitations of nuclei: their collective
behaviour.
Many nuclei display behaviour that cannot be explained by the valence nucleons only. For ex-
ample, the energy of the first 2+ state of even-even nuclei is lower than expected from shell model
calculations. This phenomenon can be explained by collective behaviour in which the nuclear prop-
erties are determined by the entire nucleus. The properties of nuclei with A ≤ 150 can be described
by a model based on vibrations about a spherical equilibrium shape. Those with 150 ≤ A ≤ 190
display behaviour more consistent with rotations of non-spherical systems [10]. The collective model
11
is based on the “liquid drop” model, in which the rotations and vibrations of a nucleus can be treated
in the same way mathematically as those of a suspended liquid drop [19]. The properties of even-even
nuclei are clearer to interpret and infer collective systematics from than even-odd or odd-odd nuclei.
Therefore even-even nuclei are the main focus in this work.
There are different modes of vibration of a nucleus, such as quadrupole vibration which appears
in an even-even nucleus as a 2+ state, and octupole vibration which appears in an even-even nucleus
as a 3− state. Figure 2.5 shows the lowest three vibration modes of a nucleus. The vibrational energy
is discrete where a unit of vibrational energy is called a phonon.
Figure 2.5: Nuclear vibration of a spherical nucleus. The dashed line is the spherical nucleus and the
solid lines are the vibrational shapes it can take, sliced at mid plane [10].
The lowest vibrational mode, dipole vibration, cannot result from internal nuclear forces as it is a
net displacement of the centre of mass. The most common low-lying vibrational excitation in deformed
nuclei is quadrupole vibration, where the quadrupole phonon has two units of angular momentum [20].
Rotational motion is an important property of deformed A ∼ 160 nuclei and can only be observed
in nuclei with non-spherical shapes, which are commonly represented by a rotating ellipsoid [10]. The
eccentricity of the ellipse can be determined from the deformation parameter β2:
β2 =
4
3
√
pi
5
∆R
Rav
(2.3)
where ∆R is the difference between the semi-major and semi-minor axes of the ellipse and Rav = R0A
1/3.
If β2 < 0, the shape of the nucleus is an oblate ellipsoid; if β2 > 0 then the shape is a prolate ellipsoid
as seen in figure 2.6. The deformation parameter, β2 is commonly interchanged with the deformation
parameter, 2 (used in Fig. 2.4). For quadrupole deformation, 2 is related to β2 by:
β2 =
√
pi
5
[
4
3
2 +
4
9
22 +
4
27
32 +
4
81
42...
]
(2.4)
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Figure 2.6: Oblate, spherical and prolate nuclear shapes. The black arrows indicate the symmetry
axes. The value of the deformation parameter β2 describes the shape of the nucleus.
Quadrupole deformation is the most common form of deformation in nuclei. Nuclei may also have
higher-order deformation such as octupole, β3 (3) and hexadecupole, β4 (4). It is worth noting
another shape parameter, γ, which is the shape degree of freedom for axially asymmetric nuclei. It
is expected that γ = 0◦ for well-deformed mid-shell nuclei, which means they have a prolate shape.
Triaxial nuclear shapes have γ ∼ 30◦ and oblate nuclear shapes have γ ∼ 60◦.
Collective rotation is the rotation of the nucleus around an axis perpendicular to the symmetry
axis. The collectivity of a nucleus at low spins is linked to the number of valence protons and neutrons,
with a maximum of valence neutrons causing collective rotation [4]. The energy of the rotational states
of a nucleus can be calculated by:
Erot(J) =
~2
2I J(J + 1) (2.5)
where I is the moment of inertia and J is the spin of the nucleus. The lowest rotational band of an
even-even nucleus typically have spin-parities of J = 2+, J = 4+, J = 6+, ... et cetera with a ground
state of Kpi = 0+ [20]. The systematics of the energies of these spin states can reveal nuclear structure
information, such as the magic numbers shown in Fig. 2.1. The ratio of the energies of the 2+ and 4+
rotational states, R(4+/2+), can also indicate the nuclear structure. This is given by:
R(4+/2+) =
Erot(4
+)
Erot(2+)
(2.6)
Typically R(4+/2+)= 3.33 for a rigid rotor nucleus such as those discussed in this work. Measure-
ments of the reduced transition probability from the 2+ state to the 0+ ground state, B(E2), are
complementary to calculations of R(4+/2+), in that they also provide information on how collective a
nucleus is. The more collective a nucleus is, the greater the B(E2) and R(4+/2+) values are expected
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to be. Small deviations from the otherwise smooth systematics of these collective observables can
highlight new structure phenomena like deformed or spherical sub-shell closures. The known E(2+),
R(4+/2+), and B(E2) values of samarium (Z = 62), gadolinium (Z = 64) and dysprosium (Z = 66)
isotopes can be seen in figure 2.7.
Figure 2.7: E(2+), B(E2) and R(4/2) values for Sm, Gd and Dy nuclei. Small deviations from the
systematic trend lines at higher N values can be observed. Image from [21].
There is a slight saturation of the increasing B(E2) values when approaching the mid-shell neutron
number (N = 104) in this region that has been explained by the spatial overlap of specific proton and
neutron Nilsson orbitals [4]. Therefore nuclei around the doubly mid-shell region should be investigated
in order to understand the evolution of collectivity and the role that the single-particle states play.
2.2 Multi-quasiparticle states
Pairs of nucleons in a nucleus may scatter to an “empty” single-particle state (as a pair) if they
are both close to the Fermi level when the nucleus is in its ground state. The Fermi level is the last
level in a nucleus to be occupied with nucleons, corresponding to the Fermi energy, EF [22]. However,
a sufficiently excited nucleus can have one or more broken pairs of nucleons, leading to a quasiparticle
state as seen in Fig. 2.8. A quasiparticle state is called as such because pairs of nucleons may no longer
scatter into this state, or a state above it: these states are effectively blocked to pairs. The Landau
theory of Fermi liquids was the first theory to introduce quasiparticles, where the strongly interacting
system of particle-hole pairs is replaced by a system of weakly interacting quasiparticles lying in states
near the Fermi surface [23, 24]. The number of nucleons from broken pairs in an excited nucleus is
equal to the number of quasiparticle states in the nucleus. The energy of the quasiparticle state is
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given by [25]:
Ek =
√
(k − Ef )2 + ∆2 (2.7)
where k is the energy of the single-particle state before it was occupied, Ef is the Fermi energy, and
∆ is the pair gap given by [17]:
∆ = G
∑
k 6=kj
ukvk (2.8)
G is the strength of the pairing force, kj represents the indices of the singly occupied orbitals, and
uk and vk are the probability amplitudes of a state k being occupied and unoccupied respectively.
The single-particle excitation energy (k − Ef ) is replaced by the quasiparticle energy, Ek due to the
pairing interaction. If there were no pairing, the Fermi energy, Ef would coincide with the last orbit
filled [17]. Pairing in nuclei was first suggested by A. Bohr, B. R. Mottelson and D. Pines [8] one year
following the publication on the theory of nuclear superconductivity by J. Bardeen, L. N. Cooper and
J. R. Schrieer (BCS) [26].
The 0+ ground state in even-even nuclei is normally far lower in energy than other non-collective
intrinsic states. This is called the pair gap and is due to the pairing interaction: an attractive
interaction between two identical particles in total angular momentum 0+ states [8]. The pair gap in
even-even nuclei is experimentally 5 to 10 times as large as the average spacing of low-lying levels in
an adjacent odd nucleus due to the pairing interaction. Direct evidence for the pairing interaction can
also be observed in the odd-even mass difference. When nucleons are added to a nucleus, the gain in
binding energy is greater when an even-even nucleus is formed than when a neighbouring odd-mass
nucleus is formed.
Figure 2.8: An example of a 2-quasiparticle configuration.
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Quasiparticle states may be isomeric (long-lived, see Sec. 2.5), depending on the spin and energy
of the singly occupied state. The nucleus must decay in order to lose any excess energy. Typically,
as the nucleon transitions between two states a γ ray is released, containing some or all of the excess
nuclear energy.
2.3 Weisskopf estimates and γ decay
There are multiple ways in which a nucleus can be left in an excited state, for example, following
a nuclear reaction. These excited states decay to the ground state through the emission of γ rays
(photons). They may decay directly to the ground state, or via other lower-energy excited states, such
as the rotational and/or vibrational states discussed in Sec. 2.1.3. Gamma rays typically have energies
in the range 0.1 to 10 MeV, characteristic of the energy difference between nuclear states [10]. The
photon carries angular momentum in addition to the energy, that must be conserved:
|(Ji − Jf )|~ ≤ λ ≤ (Ji + Jf )~ (2.9)
where Ji and Jf are the angular momenta of the nucleus in the initial and final states. The angular
momentum carried by the photon is λ~. Electromagnetic radiation can either be treated as a classical
wave or as a quantum particle. When treated as a classical wave, the charge and current distributions
of the nucleons generate a radiation field [27]. Transitions are classified as electric if the radiation is
due to a shift in the charge distribution, or magnetic if it is due to a shift in the current distribution.
The change in parity between states further restricts the classification of the transition, as shown in
table 2.3.
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Table 2.3: Angular momentum selection rules and multipolarities [28]. The energies for the Weisskopf
single-particle transition probabilities are in MeV. The Weisskopf partial half-life estimates have input
γ-ray energies in keV.
Name l = ∆I ∆pi Type Transition probability, Partial half-life,
W (s−1) tγ1/2(s)
Electric dipole 1 yes E1 1.0× 1014A2/3E3γ 6.76×10
−6
E3γA
2/3
Magnetic dipole 1 no M1 5.6× 1013E3γ 2.20×10
−5
E3γ
Electric quadrupole 2 no E2 7.3× 107A4/3E5γ 9.52×10
6
E5γA
4/3
Magnetic quadrupole 2 yes M2 3.5× 107A2/3E5γ 3.10×10
7
E5γA
2/3
Electric octupole 3 yes E3 34A2E7γ
2.04×1019
E7γA
2
Magnetic octupole 3 no M3 16A4/3E7γ
6.66×1019
E7γA
4/3
Electric hexadecapole 4 no E4 1.1× 10−5A8/3E9γ 6.50×10
31
E9γA
8/3
Magnetic hexadecapole 4 yes M4 4.5× 10−6A2E9γ 2.12×10
32
E9γA
2
The exception to the angular momentum selection rule is if ∆J = 0. E0 transitions proceed
solely by internal conversion, where an electron is ejected with zero units of angular momentum. For
example, some even-even nuclei have a 0+ excited state that decays to the 0+ ground state.
If the selection rule allows for several γ rays with different multipoles to be emitted, the Weisskopf
single-particle estimates can be used to predict the most likely emitted multipole. Lower multipolarities
are dominant based on the transition probabilities and partial half-lives shown in table 2.3. Also, for a
given multipole order, electric radiation has a greater transition probability than magnetic radiation,
however, which one occurs is dependent on the parity.
The Weisskopf estimates are used to predict γ ray transition rates only. The emission of γ rays in
a nuclear transition between states is in competition with an internal conversion process, mentioned
above, where an atomic electron is emitted instead. The levels decay more rapidly through the
combination of the two processes than by γ emission alone. The kinetic energy, Te of the emitted
electron is the transition energy, ∆E, minus the binding energy, Be, of the electron:
Te = ∆E −Be (2.10)
The binding energy of the electron varies with the atomic orbital it originated from. Therefore,
an observed spectrum will contain one energy peak corresponding to the photon and several peaks
corresponding to the atomic electrons. For example, the 2+ → 0+ transition in 162Sm decays by the
emission of a 71.4(4) keV γ ray (see Sec. 5.1.4). The electron binding energies of the K, LI , and LII
shells are 46.8, 7.7, and 7.3 keV respectively [29]. Therefore the conversion electrons from these shells
17
will be emitted with energies of 24.6, 63.7, and 64.1 keV.
The total internal conversion coefficient is defined as the ratio of the transition probabilities of the
emission of an electron and the emission of a photon:
α =
We
Wγ
(2.11)
where We is the transition probability of electron emission and Wγ is the transition probability of
γ ray emission. The ratio of transition probabilities depends on the shell the electron came from.
Partial coefficients must be calculated for each atomic shell (and subshell) to obtain the total internal
coefficient, for example:
α = αK + αL + αM + ... (2.12)
where each shell is comprised of the internal coefficients of its subshells:
αL = αLI + αLII + αLIII + ... (2.13)
The internal conversion coefficients calculated non-relativistically for electric and magnetic multipoles
are given by [10]:
α(Eλ) ∼= Z
3
n3
(
λ
λ+ 1
)(
e2
4pi0~c
)4(2mec2
E
)λ+5/2
(2.14)
α(Mλ) ∼= Z
3
n3
(
e2
4pi0~c
)4(2mec2
E
)λ+3/2
(2.15)
where Z is the atomic number, n is the principle number of the bound electron wave function, and
e2
4pi0~c is the fine structure constant (≈ 1137). These expressions are approximate as the electron must
in fact be treated relativistically. While approximate these expressions show that internal conversion
is a strongly competing process at low energies and high multipole orders. They also show that α is
proportional to Z3, therefore the internal conversion process plays an important role in the decay of
heavy nuclei.
2.4 Interaction of γ rays in matter
To calculate the various parameters shown in the previous and proceeding few sections, we must
first detect the γ radiation. There are three major ways in which γ rays interact in matter: through
photoelectric absorption, Compton scattering, and pair production. Each mechanism for interaction
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occurs in different γ-ray energy regions but all result in the transfer of photon energy to electron
energy.
Photoelectric absorption is the dominant process that occurs below a γ-ray energy of ∼200 keV
where the photon is absorbed by an atom which is followed by the release of a photoelectron. This
phenomenon was discovered by H. Hertz in 1887 [30], and later explained by A. Einstein in 1905 [31]
in terms of quantised energy packets named photons. The photoelectron’s energy is given by Eq. 2.10
above. When the photoelectron is emitted a vacancy is left in the shell the electron came from. The
vacancy is filled by the movement of other atomic electrons into the vacancy, shown in Fig. 2.9, or by
the absorption of a free electron. A free electron cannot absorb a photon and also conserve momentum,
therefore the photoelectric effect always occurs on bound electrons where the atomic nucleus absorbs
the recoil momentum [32]. The cross section for the photoelectric effect increases as the energy of the
photon approaches the energy of each electron shell energy (K, L, M , et cetera), after which it drops
drastically.
Figure 2.9: The photoelectric effect. In the first step an electron is ejected from the atom by an
incoming photon. In the second step an electron from the outer L shell moves to the inner K shell
and a characteristic X-ray is emitted.
Characteristic X-rays or Auger electrons are emitted when atomic electrons move between electron
shells. This occurs when an electron close to the nucleus is emitted and an electron from an outer
shell fills its place. The X-ray energy is low and may be absorbed by the same matter in which the
photoelectric effect occurred, providing the origin of the X-ray is not close to the surface of the matter.
In the 0.2 − 4 MeV γ-ray energy range the most likely interaction the γ-ray has with matter is
through Compton scattering. Clear experimental evidence for the particle-like behaviour of photons
was evidenced by A. H. Compton in 1922 while investigating the scattering of X-rays by a graphite
target [33]. He found that scattered X-rays had a wavelength larger than that of the original X-rays
19
when graphite was bombarded with monochromatic X-rays. This is understood in terms of collisions
of X-rays (photons) with electrons where the photons behave like particles. The relationship between
the incoming and scattered photons is:
hν ′ =
hν
1 + γ(1− cos θ) (2.16)
applying energy and momentum conservation, where hν is the energy of the incoming photon, hν ′ is
the energy of the scattered photon, γ = hν/mec
2, and θ is the scattering angle visualised in Fig. 2.10.
The kinetic energy of the electron is then:
Te = hν − hν ′ = hν γ(1− cos θ)
1 + γ(1− cos θ) (2.17)
hν
hν'
θ
Te
φ
Figure 2.10: Kinematics of Compton scattering
Above ∼4 MeV pair production becomes the dominant interaction for γ rays in matter. Pair
production is the transformation of photons into electrons. For this to occur the energy of the incoming
photon must be at least 1.022 MeV: twice the rest mass of an electron (mec
2). Pair-production occurs
in the Coulomb field of a nucleus where the γ-ray photon is replaced by an electron-positron pair. The
electron and positron are emitted back-to-back due to conservation of momentum. Any excess energy
above 1.022 MeV is shared by the positron and electron as kinetic energy. The probability of pair
production is small at γ-ray energies a few hundred keV above the 1.022 MeV threshold, however, this
mechanism becomes prominent in the many-MeV photon energy range, where the probability varies
approximately with the atomic number of the absorber matter [34]. This pair-production process was
first suggested P. M. S. Blackett and G. P. S. Occhialini as the method of the production of positrons
in cosmic radiation [35].
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2.5 K-isomeric states
Isomeric states are excited metastable (long-lived) states of nuclei. The existence of isomeric states
can reveal intrinsic and collective behaviour in a nucleus which might otherwise be difficult to observe
due to their short half-lives. There are different types of isomers which arise from different situations,
but they are all isomeric due to the hindered nature of their decay to a lower energy state. For
example, a common type of isomer is the spin trap isomer: the nucleus is trapped in a high spin state
due to the difficulty in meeting the spin selection rules and may be required to emit radiation with
high multipolarity, λ, before it can decay to a lower spin state [36]. The multipolarity is equivalent to
the angular momentum that is carried by the radiation in units of ~.
A K isomer (or K trap isomer) is a form of spin trap isomer which exists when a large component
of the angular momentum of the nucleus points along the nuclear symmetry axis. To decay to the
collective rotation state the angular momentum vector must change by 90◦ (assuming K = 0). The
magnitude of the vector along the symmetry axis is labelled as the K quantum number, which is the
sum of the Ω values from the individual Nilsson orbits (see figure 2.11). It is difficult for the nucleus to
change its spin orientation relative to its symmetry axis as it is prevented from doing so by a potential
energy barrier (see figure 2.12) that arises from the high spin-state. The transition is also governed by
the K-selection rule which states that the multipolarity of the decay must be at least as large as the
change of the K value between the two states (λ ≥ ∆K) [36, 37]. There are some symmetry-breaking
processes that make transitions possible that would otherwise violate the K-selection rule so that
“K-forbidden” transitions are hindered rather than forbidden [38].
Figure 2.11: K-isomer rotation. K isomerism arises from the rotation of unpaired particles in the
nucleus. The projection of j1 and j2 on the symmetry axis is Ω1 and Ω2 respectively, where Ω1 +Ω2 =
K.
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Figure 2.12: K-isomer decay. K isomers have a long half-life due to the large change in nuclear spin
and change in orientation needed to decay. Image adapted from [36].
K isomers are more commonly found in nuclei in the mass A ∼ 130 and A ∼ 180 regions due to
the elliptical shape of these heavy nuclei, where the longest axis is the axis of symmetry [36], and
due to the large number of high-Ω single-particle levels near the Fermi energy. 170Dy is speculated to
have a long-lived “pure” K-isomeric state due to its Nilsson orbitals [4]. Therefore, it is reasonable to
assume K isomers exist in nuclei surrounding this candidate. Prior to this work the lightest deformed
nucleus in this mass region with a known K isomer was 164Er [38].
K isomers arise from the breaking of one or more coupled nucleon pairs to form multiquasiparticle
(multi-qp) states. The energy and other properties of these K-isomeric states depend strongly on the
number of proton and neutron states involved [39]. K-rotational bands may exist, where the K value
is the spin of the bandhead. There are several methods that can be used to determine which bandhead
a rotational band is built on, such as the g factors from branching ratios, as described in Sec.2.7
2.6 Reduced hindrance
Different quasiparticle configurations may have different total angular momentum projections, K,
on the symmetry axis of a deformed nucleus. Transitions between states with different K values can
be forbidden by the ∆K ≤ λ selection rule, where λ is the multipole order of the transition. K-
forbiddenness can result in long-lived states at high excitation energy [36] like the ones observed in
this work. The hindrance factor is strongly correlated with the degree of forbiddenness, ν = ∆K − λ.
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The difference between the Weisskopf estimated partial half-life (half-life from the γ ray only) and the
experimentally measured partial half-life indicates the hindered nature of the transition; given by:
Fω =
tγ1/2(exp)
tγ1/2(W )
(2.18)
In practice, the measured half-life of an isomer will contain contributions from all the γ-ray half-lives
that depopulate the isomeric state, as well as the internal conversion electrons. The experimental
partial half-life can by determined by:
tγ1/2(exp) =
t1/2(exp)(1 + α)
BR
(2.19)
where t1/2(exp) is in seconds, α is the internal conversion coefficient (calculated using Eq.2.11), and
BR is the γ-ray branching ratio. A large hindrance factor, Fω, is present when the measured half-life
is much longer than the estimated half-life. However, the measured half-life is also dependent on the
multipole order of the γ ray. To remove this dependency we instead look at the reduced hindrance of
the transition. The reduced hindrance factor is given by:
fν =
( tγ1/2(exp)
tγ1/2(W )
) 1
ν
(2.20)
A change in K larger than the multipole order of the decay enabling the change is technically forbidden.
However, in practice, these decays do occur, and are called hindered rather than forbidden. Hindered
decays are typical in the depopulation of K-isomeric states.
2.7 Branching ratios and g factors
The branching ratios in a band can be used to infer the bandhead configuration. A comparison of
the expected and experimental intrinsic g factor (gK) can indicate whether a band structure is built
on a proton or a neutron bandhead. The expected intrinsic g factor is calculated from [40]:
KgK =
∑
(gΛΛ + gΣΣ) (2.21)
where Λ and Σ are the projections of the orbital angular momentum and intrinsic spin on the symmetry
axis respectively, and gΛ and gΣ are the corresponding g factors. gΛ is 0 for neutrons and 1 for protons,
and gΣ is 4.99 for protons and -3.23 for neutrons; attenuated from their free values by a factor of 0.6.
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The experimental values for gK are found using the following [40]:
|gK − gR|
Q0
= 0.933
E1
δ
√
J2 − 1 (2.22)
where gR is the rotational g factor, generally given by gR ≈ ZA , Q0 is the intrinsic quadrupole moment,
and E1 is the energy of the M1/E2 mixed transition in MeV from an initial state with spin J ,
exemplified in Fig. 2.13. The quadrupole/dipole mixing ratio, δ, is calculated using the formula:
q =
δ2
1 + δ2
=
2K2(2J − 1)
(J −K − 1)(J +K − 1)(J + 1)
E51
E52
BR (2.23)
where BR is the γ-ray branching ratio and E2 is the energy of the E2 transition from the initial state.
Once the experimental gK value is found it can be compared to the calculated value to aid in the
determination of the spin (K value) of the bandhead that the rotational band belongs to.
J
J-2
J-1
E1 (M1/E2) E2 (E2)
Figure 2.13: Mixing ratio diagram, clarifying some of the components of Eq. 2.23.
2.8 Rotational alignment
The alignment of nucleons in a rotational band of a nucleus to the nuclear rotation axis can also
aid in determining the intrinsic structure of the rotational band when compared to the rotational
alignment in neighbouring nuclei [41]. The energy of a rotor (the rotating nuclear core), E = ωJx~,
is rearranged for a transition between states of spin J + 1 and J − 1 and used to find the rotational
alignment:
ω~ =
Ei − Ef
J ix − Jfx
(2.24)
where J ix and E
i are the x-component of total angular momentum (see Fig. 2.14) and energy of the
initial nuclear state and Jfx and Ef are the x-component of total angular momentum and energy of the
final nuclear state [42]. The difference between Ei and Ef is simply the energy of the γ ray between
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J i and Jf and so this equation simplifies to:
ω~ =
Eγ
J ix − Jfx
(2.25)
The value of Jx, the change in the x-component of total angular momentum, can be calculated using
Pythagoras theorem, as shown in Fig. 2.14:
Jx(J) =
√
J(J + 1)−K2 ≈
√(
J +
1
2
)2 −K2 (2.26)
where K is the projection of the angular momentum onto the symmetry axis [43]. This equation can
be substituted into the expression for rotational alignment for decays from a state of spin J + 1 to one
of J − 1:
ω~ =
Eγ√(
J + 32
)2 −K2 −√(J − 12)2 −K2 (2.27)
Figure 2.14: Components of angular momentum in a deformed nucleus. In this case the projection of
the single-particle angular momentum, Ω, is the same as the projection of the total angular momentum,
K.
To consider only the aligned angular momentum in the rotational states the rotational motion of
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the core can be considered to be inert. The core rotational motion can be subtracted from the total
angular momentum to find the net alignment of the quasiparticle angular momentum:
jx(ω) = Jx(ω)− Jref (ω) (2.28)
where Jx can be found using Eq. 2.26. Jref is the angular momentum of the core, calculated in terms
of Harris parameters:
Jref = (J(0) + J(1)ω2)ω (2.29)
The Harris parameters [44, 45], J(0) and J(1), are usually adjusted such that the ground state band
has constant alignment (~ω).
2.9 Blocked BCS calculations
BCS (Bardeen-Cooper-Schrieffer) theory was developed to explain superconductivity in metals
[26]. One year following its formulation in 1957 it was adopted by nuclear physics: A. Bohr et al.
suggested the correlation effects responsible for the energy gaps (the energy difference between the
ground state and the first intrinsic excitation) in the excitation spectra of even-even nuclei is analogous
to the correlation effects responsible for the observed energy gaps in superconducting metals [8].
The moment of inertia of a nucleus, if treated as a rigid rotating body, is a factor of 3 less than
expected [10]. The smaller moment of inertia is explained by the existence of pairing correlations
between nucleons, where the nucleus is treated as a superfluid [36]. Pairing correlations are used
in blocked BCS theory, where the presence of unpaired particles affects the superfluidity, leading to
a “blocking effect”. If the nucleus is rotating sufficiently fast, the nucleon pairing is broken, much
like the breaking of Cooper (correlated electron) pairs in a heated superconductor. The breaking of
nucleon pairs leads to the emergence of multiquasiparticle states and destroys the superfluidity by
blocking the overall pairing correlations. The nucleons then align with the rotation vector, resulting
in an increased moment of inertia from the superfluid ground-state value.
Blocked BCS calculations are commonly used to predict the existence of multiquasiparticle states
in nuclei. They predict the configurations of the states involved and the energies of these states. In
the blocked BCS calculations used in this work only the Nilsson orbits closest to the Fermi level are
considered, due to the greater probability of exciting nucleons near the Fermi level to unoccupied
states. The input parameters for the blocked BCS calculations used are limited to the deformation
parameters 2 and 4 and the monopole pairing strengths G(n) and G(p). 2 and 4 can be found in
the tables of nuclear ground state masses and deformations [46]. The monopole pairing strengths are
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approximately:
Gn ≈ 23
A
MeV, Gp ≈ 17
A
MeV (2.30)
taken from [17] for deformed nuclei. Blocked BCS calculations account for pairing correlations and
the “blocking” effect on the motion of nucleons, both of which are residual interactions. However,
they do not account for residual nucleon-nucleon interactions. A difference of ≈ 200 keV can arise in
the calculated energy compared to the measured energy. This difference in energy is caused by the
spin-coupling of the nucleons: like particles with opposite spins are favoured whereas unlike particles
with the same spin are favoured [47]. The blocked BCS calculations used in this work are of the form
developed by K. Jain et al. in Ref. [48] for the mass 180 region. They were performed by the author
of this thesis for this work and for Ref. [49].
2.10 Potential Energy Surface calculations
Potential Energy Surface (PES) calculations used in this work were developed by F. R. Xu et al.
[50] in order to address the issue of nuclear shape, or deformation, changes with increasing multiquasi-
particle seniority. PES calculations compute the nuclear potential energy as a function of the shape of
the nucleus. This is unlike the blocked BCS calculations which use a fixed deformation and therefore
a fixed nuclear shape.
The PES calculations were performed by H. L. Liu, J. Wu, and F. R. Xu in this work. PES
calculations utilise a non-axially deformed Woods-Saxon potential. Previous calculations performed
in this nuclear region have been limited to axially symmetric shapes [51]. However, discrepancies arise
between the experimentally measured and theoretically calculated values of the nuclear ground states.
A reason for this discrepancy is the exclusion of the axially asymmetric γ-degree of freedom [50, 51].
The PES calculations developed by F. R. Xu et al. are the first to include γ deformation.
An example of a potential energy surface plot produced from PES calculations for 166Gd is shown
in Fig. 2.15. The PES calculations in this work minimise the energy in the (β2, β4, β6, γ) space. The
filled circle in the middle of the contour lines in Fig. 2.15 indicates the energy minimum. The potential
energy depends strongly on the deformation parameters β2 and γ, therefore the potential energy is
only shown as as function of these parameters in the contour plot. β2 is given by the distance from
the energy minimum to the origin. The diagonal line drawn at 30◦ in the plot corresponds to γ = 0◦
deformation which means the nucleus is prolate deformed. The nucleus is oblate if γ = 60◦, which
corresponds to the vertical y axis in the contour plot. If the minimum lies between γ = 0◦ and γ = 60◦
then the nucleus is triaxial. The energy of a nucleus in a particular configuration with deformation
27
parameters β2, β4 and γ is given by:
Etotal(β2, β4, γ) = Emacroscopic + Eshellcorrection + Epairing (2.31)
Emacroscopic is found using the Liquid Drop model [51, 52], Eshellcorrection is found using the Strutinsky
shell-correction [53], and Epairing , is obtained using the Lipkin-Nogami treatment of pairing [54, 55].
Blocked BCS calculations can collapse in a weak pairing case whereas the Lipkin-Nogami treatment
of pairing used in PES calculations is more robust [50]. As with blocked BCS calculations, the energy
determined by PES calculations are accurate to ≈ 200 keV.
Figure 2.15: An example of a potential energy surface plot, from PES calculations on 166Gd. The
filled circle indicates the energy minimum. The energy minimum lies on the γ = 0 line (γ = −0.076),
therefore the nucleus of 166Gd is prolate deformed. The β2 value is 0.289.
More recently PES calculations have included the deformation parameter β6 as experimental work
reaches more deformed nuclear shapes.
2.11 Astrophysics and the rare earth element peak
The synthesis of elements beyond iron by charged-particle reactions becomes very unlikely due to
the increasing Coulomb repulsion with increasing number of protons. These small cross-sections do not
explain the abundances of nuclides with masses beyond A∼ 60. Instead these elements are produced
by neutron capture. The interstellar medium does not contain enough free neutrons to account for
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the heavy elemental abundances therefore they can be assumed to be produced in stars.
There are two main production mechanisms by which elements with mass A> 56 are produced:
the slow neutron capture process and the rapid neutron capture process. They are each responsible
for roughly equal amounts of elements in this region. However, while the s process is well-known, the
r process is less understood. The s process is subdivided into a ‘weak’ and a ‘main’ component [56].
The main s process occurs in low mass stars, such as thermally pulsing asymptotic giant branch stars,
whereas the weak s process occurs in massive stars [57].
Existing models of the s process explain the s-nuclide abundances really well. However, attempts
to describe the r-nuclide abundances using the classical r-process model are not completely successful.
The r-process nuclear abundances cannot be accounted for from experimental data. At least three
different sets of conditions (temperature, T, number of seed neutrons, Nn, and time exposed to neutron
flux, τ) for different r-process nuclide mass ranges are required to explain the abundances. Therefore
r-process nuclides are either produced at different astrophysical sites, or at one site with varying
conditions [58].
The input parameters of r-process calculations include nuclear binding energies, β-decay half-
lives, and neutron-capture cross-sections. These can be influenced by nuclear structure changes, such
as subshell closures. Therefore, it is important to understand the evolution of nuclear structure in
r-process nuclei.
Rare-earth isotopes are produced via the s and r processes. Candidate sites for the r process
must provide high neutron densities (Nn ≥ 1021 cm−3) over short time scales (∼ seconds). The
temperature should not be too high otherwise heavy nuclei will be destroyed by photodisintegration.
A possible site is the merger of two neutron stars. Another possible site is in the ejection of neutronised
material from supernova explosions. A more recent suggestion is that these nuclides are produced in
neutrino-powered wind from a neutron star that has formed from a type II supernova [58]. Data from
experiments focusing on the r-process path may be used to test current nuclear models. Due to limited
experimental data on nuclides far from stability, the input to r-process calculations for neutron-rich
nuclei have been based on theoretical extrapolations [59].
There is a small peak at A ∼ 160 in the elemental abundance chart seen in Fig. 2.16. The origin
of the A ∼ 130 and A ∼ 195 peaks are well-known and are due to the long β-decay half-lives at closed
neutron shells N = 82 and N = 126 [59]. However, there is no such obvious reason for the peak at
A ∼ 160. It has been suggested that the abundance is due to the production rates of A ∼ 160 nuclei
but as yet the suggested sites of the r process do not account for this abundance. Another suggestion
is that a deformation maximum, or a subshell closure is responsible [60].
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Figure 2.16: The REE peak in the chart of elemental abundances. The abundance scale is arbitrary.
The origin of the A ∼ 130 and A ∼ 195 peaks are well-known, unlike the REE peak at A ∼ 160.
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Chapter 3
Experimental method
The neutron-rich side of stability contains a vast unknown territory, where approximately half of
all the bound nuclides remain to be identified. To probe into this region, increasingly more neutron-
rich isotopes must be populated. Radioactive Isotope (RI) beams were first produced in the 1980s
and their production mechanisms continue to be developed to this day.
In-flight fission of a heavy ion on a light target provides the greatest yield of neutron-rich nuclei
in the rare-earth region of isotopes. Fission products have approximately the same mass distribution
(protons and neutrons) as the initial fissioning nucleus. Therefore, a heavier ion will provide more
neutron rich fission products. For example the neutron-to-proton ratio of a uranium ion is 14692 = 1.587,
whereas the ratio for lead is 12682 = 1.537. The fissioning of uranium ions also allows us to reach higher
Z isotopes. To date, uranium is the heaviest ion beam available. Heavier fission fragments are made
in the fission of californium (252Cf). However, this is a spontaneous fission process. In-flight fission is
advantageous over spontaneous fission as it allows for a secondary beam to be extracted, from which
the beam species can be separated and identified.
The Radioactive Isotope Beam Factory, RIBF, at RIKEN (Japan) is a new generation in-flight
RI beam facility that has more recently enabled population of heavy neutron-rich nuclei using high
uranium beam intensities [61]. The RIBF consists of an accelerator complex comprised of a linac and
four cyclotrons. At the end of the last cyclotron is a target for fission and/or projectile fragmentation
reactions. Following the target is a particle identifier and separator: BigRIPS, followed by an active or
passive stopper. An active stopper is used for β decay experiments whereas a passive stopper is used
for isomer experiments. The active stopper is WAS3ABi: Wide Angle Silicon-Strip-Stopper Array for
Beta and ion detection [62]. The passive stopper is a thin copper sheet. Surrounding the stopper
is EURICA, the EUROBALL RIKEN Cluster Array [63], and 18 LaBr3(Ce) crystals [64] for γ-ray
detection.
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Figure 3.1: The accelerator complex layout. Beam intensity (the first values) is in units of pnA
(particle nanoamps) and transmission intensity (the second value) is the percentage of the initial
amount of ions produced [71]. These numbers are from 2007. Up to 15 pnA is now achievable from
the SRC.
3.1 The accelerator system
The uranium beam is produced using a SuperConducting Electron Cyclotron Resonance (SC-ECR)
ion source. A 28 GHz microwave from a gyrotron is injected into the ion source to produce a highly
charged uranium ion beam [65]. After ion production a linac is used as the injector, followed by
four cyclotrons: the RIKEN Ring Cyclotron (RRC); the fixed-frequency Ring Cyclotron (fRC); the
Intermediate Ring Cyclotron (IRC) and the Superconducting Ring Cyclotron (SRC) [66]. The layout
of these can be seen in Fig. 3.1.
The RILAC (RIKEN heavy-ion linac) contains 6 frequency-tunable cavities [67] and strips uranium
ions to 35+ [68]. The RRC, fRC and IRC each contain 4 sector magnets and 2 RF cavities for
accelerating the ion beam [67] [68] [69]. The RRC accelerates the uranium ions to 11 MeV/u, the fRC
to 50.7 MeV/u and the IRC to 115MeV/u [68]. There are also electron strippers on the injection and
exit of the beam at the fRC. These strip the ions to 71+ and 88+ respectively [68]. The SRC contains
2 superconducting magnets, 4 sector magnets, and 1 bending magnet, and is capable of accelerating
the ions to 350 MeV/u [70] [68].
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3.2 The fission reaction
There are three main methods of producing unstable nuclei: heavy-ion fusion-evaporation, pro-
jectile fragmentation, and nuclear fission. The first reaction produces proton-rich and stable nuclei.
Projectile fragmentation is used to create proton-rich and neutron-rich nuclei. However, to create
very neutron-rich nuclei in the intermediate mass region, nuclear fission provides the best yields. For
this work, in-flight fission of 238U on a 9Be target is used. The use of a heavy beam and a light
target, instead of a light beam and a heavy target provides a larger amount of energy to the reaction
products. The 238U fissions into two fragments emitted in a narrow forward angle cone with respect to
the beam axis. The greatest advantage this method has over spontaneous fission is that it allows the
extraction of a secondary beam from the reaction, which enables separation and identification of the
beam species. The reaction products from in-flight fission of 238U have been shown to have the same
proton-to-neutron distribution as the 238U ions [72], resulting in two ’humps’ in the product mass and
Z distributions, with mass ranges of A∼ 72− 118 and A∼ 120− 166, and Z ranges of ∼ 28− 44 and
∼ 50− 62.
3.3 BigRIPS: particle separation and identification
The heavier an element the more likely it is that it will not be fully ionised, leading to multiple
charge states for isotopes of interest. It is also difficult to separate isotopes from nuclei of interest and
their neighbours, as they tend to have the same Bρ values due to the nature of energy loss. These
lead to a poor purity RI beam. BigRIPS is a two-stage RI separation system designed to overcome
these problems: the first stage produces and separates the secondary RI beams and the second stage
identifies the beam species [66].
The first stage extends from the production target to the second focal plane, F2, as seen in figure
3.2. Within the first section there are four superconducting quadrupole triplets (STQs) and two room-
temperature dipoles (RTDs) making up a two-bend achromatic spectrometer that separates the RI
beams according to their momentum. An achromatic wedge degrader is located at F1 for isotope
separation. The second stage is a four-bend achromatic separator from F3 to F7 and consists of eight
STQs and four RTDs. The second stage also contains the detectors with which to identify the RI
beam species [73]. All RTDs have a bend of 30◦. The STQs are cooled using liquid helium. The beam
optics and focal planes are shown in Fig. 3.3.
The primary 238U beam undergoes fission and projectile fragmentation on a 4 mm thick 9Be target.
The projectile fragments have high energies which, due to kinematic focusing, are emitted at forward
angles in a small cone. A ∼ 160 ions produced by in-flight fission however will have a much larger
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spread in angle and momentum, hence why BigRIPS has a large momentum acceptance [66].
Figure 3.2: Schematic of BigRIPS and the ZeroDegree spectrometer
Figure 3.3: BigRIPS optics in the horizontal planes (X) and vertical (Y ) calculated by COSY INFIN-
ITY code [74, 75]. Image from [76].
The detectors in stage two make up the ZeroDegree spectrometer, along with two dipoles and six
STQs [77]. The beam optics through the ZeroDegree spectrometer are shown in Fig. 3.4. The detectors
in ZeroDegree consist of Parallel Plate Avalanche Chambers (PPACs) for position measurements,
plastic scintillators for timing information and a Tilted Electrode Gas Ionisation Chamber (TEGIC)
to determine energy loss. These detectors allow determination of proton number, Z, and mass number,
A, divided by the charge, q, of the particles so that they may be identified [66]. Z is determined from
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∆E and time-of-flight (TOF) measurements (shown in Eq. 3.2, while A/q is determined from TOF
and Bρ measurements:
A
q
=
Bρ
βγuc
(3.1)
where Bρ is the magnetic rigidity, β is the velocity of the particles in terms of the speed of light,
c, (β = ν/c), γ is a relativistic correction factor (γ = 1/
√
1− β2), and u is the atomic mass unit
∼ 931 MeV/c. The magnetic rigidity is found using the PPACs: by measuring the trajectory of the
particles we can deduce the radius of curvature, ρ. B, the magnetic field strength, is fixed and chosen
to focus on particles of interest and the velocity, ν is determined from the TOF measured by plastic
scintillators.
The Bethe-Bloch formula is used to calculate the atomic number, Z, of the particles once the
energy loss through the TEGIC detector is measured:
∆E =
4pie4Z2
m0ν2
Nz
[
ln
2m0ν
2
I
− ln(1− β2)− β2
]
(3.2)
where Z is the atomic number of the particles passing through the TEGIC, e is the electronic charge
and m0 is the rest mass of an electron. N is the number density of the absorber atoms, z is the atomic
number of the absorber atoms and I is the excitation and ionisation potential of the absorber atoms
[34].
Figure 3.4: ZeroDegree spectrometer optics in the vertical (Y ) and horizontal planes (X) calculated
by COSY INFINITY code [74, 75]. Image from [78].
In addition to the detectors situated in BigRIPS and ZeroDegree, there is also a wedge degrader,
which slows the secondary beam particles through energy loss, and helps with isotopic separation.
There are also slits in both x and y directions to focus the beam on a particular area of the nuclear
chart. The time of flight through BigRIPS is in the order of ∼ 100 ns [66], and through ZeroDegree
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∼ 50 ns, which is short enough to allow measurement of the β decay half-lives of the ions.
3.3.1 Parallel Plate Avalanche Counters (PPACs)
In order to measure the position of ions travelling through BigRIPS, two PPACs are used, which are
located at F3 and F7 [66]. One PPAC can provide information on the position of the particle as it passes
through; using two PPACs the trajectory of the particle can be determined. A PPAC is a gas counter
that has two parallel plate electrodes, across which a constant electric field is produced. As the charged
particles traverse the PPAC they produce free ions and electrons in the gas through their interactions
with the gas molecules. The electrons are accelerated by the field and can themselves cause ionisation
of the gas molecules, resulting in further free electrons and ions, leading to an avalanche formation (gas
multiplication) [34]. The PPACs in BigRIPS have two cathodes with an anode sandwiched between
them for charge collection. Both cathodes consist of strips in the x-direction and in the y-direction
(see figure 3.5 for details). The electrons and ions both contribute to the pulse signal; providing a fast
and a slow component respectively. Only the fast component is used to enable good timing resolution.
Due to the high count rate in BigRIPS a delay-line read-out is used to avoid pulse pile-up [79]. The
position of a particle is determined by:
Px = kx
Tx1 − Tx2
2
(3.3)
Py = ky
Ty1 − Ty2
2
(3.4)
measured in millimetres. Tx1, Tx2, Ty1 and Ty2 are the times taken for the signal to travel from the
interaction point to the delay line at the end of the cathode strips, and kx and ky are factors which
convert the time information into a position measurement [79]. From the particle’s position at F3
and F7 we can construct the radius of curvature and from this, Bρ, the magnetic rigidity, can be
calculated:
Bρ =
mν
q
(3.5)
in units of T-m (Tesla-meters), where mν = p, the momentum of the particle in MeV/c, q is the
charge of the particle, and B is the magnetic field strength in Tesla, T. [80].
3.3.2 Plastic scintillators
Plastic scintillators are used for time-of-flight measurements due to their fast rise (τ < 1 ns) and
decay times (τ ∼ 2 ns) [34] Located at F3, F5, F7, F9, and F11, these detectors are used to measure
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Figure 3.5: Detailed view of the delay-line PPAC [79].
the time of flight of the ions through BigRIPS [66]. Time-of-flight is calculated between two scintillator
signals using:
TOF =
(F11R+ F11L)− (F3R+ F3L)
2
(3.6)
R and L in F11R, F11L, F3R, and F3L refer to the signals obtained from the right and left-hand
PMTs attached to the plastic scintillators. Using the time of flight measurement, the velocity of the
particles can be calculated by:
ν =
TOF
d
(3.7)
where d is the average distance between the two detectors.
3.3.3 Tilted Electrode Gas Ionisation Chamber (TEGIC)
Energy loss is measured using a tilted electrode gas ionisation chamber (TEGIC) at F7, the final
focal plane of ZeroDegree [66]. 24 parallel plate ionisation chambers are stacked together, made up of
12 anodes and 13 cathodes. The electrodes are tilted in order to avoid recombination of electrons and
ions produced by the incident particles [81].
The number of ion pairs that are formed is directly related to the energy deposited in the TEGIC.
Using equation 3.2 the atomic number of the particle can be calculated using the energy loss measured.
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Figure 3.6: Cross-sectional view of the TEGIC. [81]
3.4 Wide-range Active Silicon-Strip Stopper Array for Beta and ion
detection (WAS3ABi)
To study the γ rays of these heavy nuclei, the beam is sent from ZeroDegree to the focal plane
F11, where it is terminated by the implantation of ions into WAS3ABi. WAS3ABi is a Wide-range
Active Silicon-Strip Stopper Array for Beta and ion detection. Silicon is the material of choice in most
applications involving heavy charged particles [34] as it is a semiconductor that is able to function
without the need for liquid nitrogen cooling (unlike germanium crystals), although the WAS3ABi
chamber is maintained at 10 ◦C using cooled nitrogen gas for noise reduction [82].
WAS3ABi is made up of several Double-sided Silicon Strip Detectors (DSSDs), each of which are
segmented into 60 1 mm strips in the horizontal, x, direction and 40 1 mm strips in the vertical, y,
direction to allow for position measurement [82]. Both upstream and downstream of the DSSDs are
plastic scintillators for β particle detection, to be used in conjunction with the LaBr3(Ce) detectors.
The plastic scintillators measure 45 mm x 150 mm x 2 mm and are placed approximately 3 - 5 mm
from the first and last DSSDs.
The number of DSSDs stacked perpendicular to the beam can be altered from one up to eight. The
number chosen depends on the estimated implantation depths of the ions in a particular experiment.
For the experiments performed in this work, five were used. The DSSDs of WAS3ABi were calibrated
with a 60Co source, using the Compton-scattered events between the DSSD and the germanium crystals
of EURICA [83].
Radioactive ions are implanted into the DSSDs where they subsequently β decay. The differences
in the amount of energy deposited in the silicon between ion implantation and beta detection allows
us to distinguish between the two types of events. Several GeV is expected from an ion implantation
whereas a β particle will impart ≤ 10 MeV. An ion implantation must also correlate to ion detection
in the F11 plastic scintillator which is located at the end of the beam line (∼ 1 m distance from
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WAS3ABi). Once an ion implantation has been detected a time gate is opened and any activity in
the neighbouring cells is correlated to the ion implantation. For this experiment a five second time
window was used, based on expected β half-lives isotopes in this region.
For a β decay event to trigger the acquisition system it is required that at least one x-strip and
one y-strip of one DSSD is triggered, both with energies above a certain threshold. In addition these
must be in anti-coincidence with an F11 plastic detector signal so as to not misinterpret an ion event
as a β event.
To change the goal of the experiment to look for isomers instead of β decay, a passive stopper is
used in place of WAS3ABi. A passive stopper allows for an increase in the rate of ion implantation,
as WAS3ABi is limited by the electronic processing time.
3.5 Euroball RIKEN Cluster Array (EURICA)
EURICA (Euroball RIKEN Cluster Array) consists of 84 coaxial high-purity germanium (HPGe)
crystals that surround the stopper. Germanium crystals have extremely good energy resolution for
γ rays compared to scintillator materials. The germanium crystals are arranged in 12 clusters of 7
crystals so that an addback function can be implemented. The addback function allows reconstruction
of a single event when multiple adjoining crystals register γ radiation within one cluster. The most
common cause of multiple hits registered in the crystals (for an approximate 0.2 - 4 MeV energy range)
is that the γ ray has Compton scattered within a crystal [34]. The detectors are positioned as close
as possible to the stopper in order to increase the solid angle coverage.
The energy branch of the germanium detectors consists of the preamplifier and a XIA Digital
Gamma Finder (DGF). The DGF acts as a high resolution ADC with 65536 channels, and as a low
resolution Time-to-Digital Converter (TDC) with 25 ns/bin. The analogue timing branch consists of
a Timing Filter Amplifier (TFA) followed by a Constant Fraction Discriminator (CFD) from which
the signal is output to a long-range TDC (CAEN V767) and a short-range TDC (CAEN V775). The
digital timing branch is suitable for isomeric half-lives of a few hundred nanoseconds and longer.
The analogue timing branch must be used for shorter half-lives. The acquisition for both electronic
branches begins when there is a signal in the detector and stops with a signal in either the F11 plastic
scintillator or in WAS3ABi, due to the electronic processing time.
The calibration of EURICA was performed and its efficiency measured by placing a radioactive
source (152Eu and 133Ba in turn) inside the WAS3ABi chamber, as central to the germanium crystals
as possible. 11 γ-ray peaks in the range 121 keV to 1408 keV from 152Eu and 6-γ ray peaks in the
range 53 keV to 384 keV from 133Ba were used to measure EURICA’s efficiency, shown in figure 3.7.
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Figure 3.7: Absolute peak efficiency of EURICA. The solid line is the efficiency with the addback
function implemented, the dashed line is without. The efficiency decreases dramatically at low (< 100
keV) energies. Image from [63].
Figure 3.8: The silicon and β plastic detectors in WAS3ABi (left) and one side of EURICA with the
LaBr3(Ce) detectors (right).
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Figure 3.9: A schematic of EURICA complemented with LaBr3(Ce) detectors, facing upstream.
3.6 Lanthanum Bromide Detectors
Scintillator detectors are well-suited to fast timing applications, unlike semiconductor materials,
due to their fast time response. Cerium-doped lanthanum materials have recently been developed
as a good alternative to barium fluoride (BaF2) scintillator detectors with greatly improved energy
resolution [34].
For this experiment cerium-doped lanthanum bromide (LaBr3(Ce)) detectors were used for fast
timing measurements. They are inorganic scintillators that have recently been made available com-
mercially (since ∼ 2005). The reason that LaBr3(Ce) detectors are particularly suitable for timing
measurements is their fast decay time of ∼ 26 ns [84, 34]. The main drawback to using LaBr3(Ce)
detectors is that they exhibit an intrinsic activity background from 138La (0.09% naturally occurring)
and 227Ac (a contaminant due to the chemical difficulty in separating Ac from La), resulting in 1-2
counts/cm3s, however this activity can be used to measure any gain shift of the detectors during
experiments.
Using the direct coincident timing method between germanium crystals allows an excited state
lifetime measurement in the order of 1 ns, due to the detector’s charge collection time. LaBr3(Ce)
scintillators can measure lifetimes down to tens of picoseconds.
18 ∅ 1.5” x 2” crystals are arranged in 3 clusters of 6, which are mounted on one side of the
EURICA array (on the right-hand side, facing downstream). The crystals are shielded by 5mm of
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lead to prevent measuring Compton scattering events between detectors as individual events and are
each coupled to a H10570MOD Hamamatsu PMT with optical grease from Midland Silicones Ltd [85].
NIM-ECL
Short-range TDC CAEN V775start
Quad CFD Ortec 935
Coincidence (left AND right PMT)
LaBr dynode Shaping Amp CAEN N568B ADC CAEN V785
LaBr anode Quad CFD Ortec 935
NIM-ECL
FIFO
Long-range TDC CAEN V1190Astart
Quad coincidence for calibration/testing trigger
Trigger = F11 plastic or WAS3ABI
stop
3 unit delay (70 ns delay) stop
β-plastic PMT
8 ch. signal divider
16 ch. pm amp
FIFO (upstream β OR downstream β)
Figure 3.10: Block diagram of LaBr3(Ce) and β plastic detectors’ electronics. A FIFO is a fan-in fan-
out unit and the NIM-ECL units convert between the Nuclear Instrument Module (NIM) standard
and the units that use emitter-coupled logic.
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Figure 3.11: Absolute peak efficiency of LaBr3(Ce) detectors.
The PMTs have a dynode output which is used for the energy branch of the detector and an anode
which is used for the timing signals. The energy signal is taken from the last dynode in the PMT
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(which will have maximum amplification) and passed to a CAEN N5688 shaping amplifier and then
to a CAEN V785 ADC. The signal from the anode is passed to a Constant Fraction Discriminator
(CFD) where the signal is shaped and jitter is reduced. It is then sent to a short-range TDC and
a long-range TDC (CAEN V775 and V1190A respectively). The electronic diagram can be seen in
figure 3.10.
The LaBr3(Ce) detectors are calibrated with an
152Eu source and a 60Co source, using several of
the known (121 keV, 244 keV, 344 keV, 1173 keV and 1332 keV) γ-ray energies they provide. The
efficiency of the LaBr3(Ce) array is also calculated using these sources (see figure 3.11).
The LaBr3(Ce) detectors have been provided by The University of Surrey and The University of
Brighton. The experiments performed in May 2013 were the first time these detectors were used in
conjunction with EURICA. During a six-month placement at RIKEN the author of this work was
jointly responsible for installation and the electronic set-up of the LaBr3(Ce) detectors. This work
also included incorporating the LaBr3(Ce) time and energy signals into the data analysis code.
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Chapter 4
Data Analysis
4.1 Data acquisition
There are three data streams for EURICA experiments at the RIBF: BigRIPS, WAS3ABi, and
EURICA for the different components of the experiment. All three contain a LUPO (Logic Unit for
Programmable Operation) time-stamp module to enable merging of the data [86]. The output of
BigRIPS and WAS3ABi are both RIKEN proprietary data files, ridf (RIKEN data file). The data
stream is handled by the RIBF DAQ, designed and implemented by H. Baba et al. [87]. The data
stream of EURICA is processed by MBS (Multi Branch System), developed at GSI [88, 89]. The
output of the EURICA data stream is initially a lmd file, which is then processed by GO4 (GSI
Object Oriented On-line Off-line system), a program also developed at GSI, specifically for RISING
(which then became EURICA). The output of GO4 is a root file, containing calibrated germanium
and lanthanum bromide data.
The BigRIPS data processing is performed by a dedicated BigRIPS group at the RIBF. The
root files from BigRIPS contain calculated and calibrated Z and A/q values that are incorporated
into subsequent merged data files, where further improvement of Z and A/q for a cleaner particle
identification plot can be made. However, WAS3ABi, EURICA, and the LaBr3(Ce) detectors must
be calibrated by the experimental group, as described in Sec. 3.5 and Sec. 3.6.
4.2 Data merging
Merging of the three data streams relies on matching timestamps. There are several stages of
data merging which can be seen in Fig. 4.1. TSCorrBeamEURICA.root and TSCorrSIGe.root contain
time stamp information, which enables checking of time stamp matching. The files of interest are
beta ion.root and decay new.root. The former contains merged isomeric data with ion-γ coincident
data and the latter contains merged β-decay data, with ion-β − γ coincident data. The EURICAGG-
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Matrix.root and DECAY GGMatrix.root files contain γ-γ coincidence data for isomeric and β-decay
data respectively. However, these files are not used as γ-γ coincidences are written in the custom
pre-sort code in this work.
WASABI2Tr.cpp
WASABI.root
WAS3ABidata.ridf
DSSDGeMerge.cpp TSCorrSiGe.cppANAROOT
bigrips_run.root
BigRIPSdata.ridf
separate.cpp TSCorrBeamEURICA.cpp
WASABI_EURICA.root
GO4
EUROBALL.root
EURICAdata.lmd
TSCorrSiGe.root
beta_ion.root
BuildDecay.cpp EURICAGGMatrix.cpp
TSCorrBeamEURICA.root
decay_new.root
DECAY_GGMatrix.cpp
DECAY_GGMatrix.root
EURICAGGMatrix.root
Figure 4.1: Flow chart of data merging. Input/output files are in blue; the code used to generate
them is in red.
4.3 Time slew correction
Time slewing (or amplitude walk) is an issue in signal processing when using semiconductor de-
tectors, particularly at low energies. Time slew arises due to variable input pulse amplitudes [34],
especially when a leading edge discriminator is used, such as in the DGFs used for the germanium
detectors. A pulse with a smaller amplitude that arrives at the same time in the discriminator as a
pulse with a greater amplitude will appear in the subsequent electronic processing chain as arriving
after the pulse with the greater amplitude, as shown in Fig. 4.2.
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    level
Time
Amplitude
         walk
Figure 4.2: An example of how the leading edge time pick-off method can result in time slew, or
amplitude walk of pulses that arrive at the same time.
When the acquisition gate is opened by an ion passing through the plastic detector at F11, or ion
implantation in WAS3ABi, the detectors (HPGe and LaBr3) detect a prompt burst of X-rays and low
energy Bremsstrahlung radiation (“breaking radiation”). Bremsstrahlung radiation arises from the
interaction of the ions in the degrader material positioned before the F11 plastic detector, in order
to slow the ions such that they will implant in the stopper. Heavy ions knock out electrons from the
atoms in the degrader material. The electrons then de-accelerate through photon emission under the
electromagnetic field produced by the atomic nuclei of the degrader material. This leads to a ‘prompt
flash’ of photons that are detected by the HPGe and LaBr3(Ce) γ-ray detectors. The prompt flash,
particularly at low energies, is shifted in time due to the time slew effects. Therefore the time data
for each HPGe detector crystal must be adjusted to correct for the time slew, such that the prompt
flash is centred around a reference time t = 0.
A plot of energy vs. time signals of radiation detected in one HPGe crystal in Fig. 4.3 shows that
the prompt flash starts later at the lower energies than at higher energies due to time slew. It should
be noted that time is reversed in Fig. 4.3, i.e. the prompt flash following ion implantation appears at
a later time compared to the γ-ray peak visible at 691 keV. This reversal is due to the initialisation
of the trigger by the HPGe detectors and the stop signal taken from the ion implantation (signal
in the F11 plastic detector) or β detection in WAS3ABi. The trigger system is set-up as such due
to the speed of the data processing of each detector system. The processing time for signals from
the germanium detectors are faster than those from WAS3ABi. Triggering on the detection of a γ
ray, rather than an ion implantation also minimises dead time of the acquisition system, as ions may
implant that do not produce γ radiation (or it is not detected) in the acquisition time window.
To correct for time slew an energy-time matrix for the signals in each crystal (for all beta ion root
files produced in this experiment) was created. Figure 4.3 shows that there is a broad time slew at
low energies, with a narrower time walk at higher energies. A 40 keV-wide energy projection of the
energy-time matrix was made every 1 keV to find the bin with the maximum number of counts. It
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is noticeable that the signals are shifted forward in time at low energies in the energy projections in
Fig. 4.4. Around 50 keV the concentration of signals is at 21100 ns, whereas around 1000 keV they
are at 21330 ns. This time slew must be corrected to ensure more accurate half-life measurements and
γ-ray intensity measurements.
Figure 4.3: Energy-time matrix of radiation detected in one HPGe crystal from all ion data in all
beta ion.root files obtained from the experiment presented in Sec. 5. A background peak is visible at
691 keV from the neutron interaction in the HPGe crystal, 72Ge(n,n’).
Figure 4.4: 40 keV-wide energy projections of the energy-time matrix in Fig. 4.3. The one on the left
is centred around 50 keV, the one on the right around 1000 keV.
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The graph of the maximum bin value found for each energy projection of the energy-time matrix
can be seen in Fig. 4.5. Two functions were fit to the graph data; Rodbard and a 4th degree polynomial.
The Rodbard function (from ImageJ software [90]):
y = d+
a− d
1 + (xc )
b
(4.1)
was found to be a better fit to the curve than the 4th degree polynomial. A peak at 691 keV is visible
in the graph: this is due to neutron interaction in the germanium crystals as discussed in Sec. 4.5.
The Rodbard function parameters were exported as a text file for each germanium crystal. They were
then imported to the presort data code explained below, where the germanium time data was then
shifted according to the parameters of the Rodbard fit function for each crystal. The energy-time
matrix for the same crystal with corrected time is shown in Fig. 4.6.
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Figure 4.5: Energy-time graph of maximum bin value for each 1 keV energy projection. This graph
is for the same HPGe crystal as in Fig. 4.3. The dashed red line is the Rodbard fit to the curve.
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Figure 4.6: Corrected energy-time matrix. This matrix is for the same HPGe crystal as in Fig. 4.3.
Time is now centred around t = 0 and projects forward in time with respect to ion implantation.
4.4 Pre-sorting the data
The data were pre-sorted into one root file containing only data useful to the next stage of analysis.
The pre-sort involved looping through every event in all ROOT files. For each event (ion implantation
or β decay) a ROOT tree was filled with A/q, Z, and the event number. Within the event loop there
was also a γ-ray event loop to cycle through each γ ray associated with the ion implantation, or
β-decay particle. The ROOT tree was then filled with germanium energy, germanium time, corrected
germanium time (corrected for the time slew) and the addback versions of these. It was also filled
with the crystal number and cluster number that the γ ray was detected by and the crystal and cluster
multiplicity. The crystal and cluster multiplicities are the number of times the same crystal or cluster
detected a γ ray during the same ion/beta event.
A second ROOT tree was also created in this file, containing coincidence events in the germanium
detectors. The time window was set at 2 µs for γ−γ coincidence events, which can later be decreased in
the analysis. The time-width of the prompt flash at low energies reaches 400 ns wide so the coincidence
window must be greater than 400 ns. A 2 µs window was chosen to ensure γ-ray coincidences across
isomeric states in the same nucleus (for example in 160Sm, Sec. 5.1.2, as well as prompt coincidences
were included.
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4.5 Background radiation
In addition to the prompt flash explained in Sec. 4.3 there is other background radiation to consider.
In particular, there are strong peaks in the germanium energy spectra due to neutron interaction in the
HPGe crystals. At low neutron energies (≤ 3 MeV), elastic scattering of neutrons in the germanium
crystals contributes to the prompt flash at Eγ < 70 keV. At higher neutron energies there is inelastic
scattering of neutrons in the germanium crystals, in which photons or electrons are released. Possible
energy peaks visible in the germanium energy spectra are: 69 keV from 73Ge(n,n’), 563 keV from
76Ge(n,n’), 596 and 608 keV from 74Ge(n,n’), and 691 keV from 72Ge(n,n’) [91]. Several of these can
be seen in Fig. 4.7; an energy spectrum containing γ-ray and X-ray radiation for all isomeric data
(from the beta ion root files) from all germanium detectors collected during the experiment.
The LaBr3(Ce) crystals also introduce background radiation via lanthanum self-activity. Two γ
rays of 788 and 1436 keV and one X-ray of 32 keV are emitted. The two γ rays are visible in Fig. 4.7.
The LaBr3(Ce) crystals have lead shields around them to prevent detector cross-talk. Lead emits
X-rays at 75, 83, and 85 keV when sufficiently excited, corresponding to the Kα1, Kα2, and Kβ1,
lines.
There are also background peaks in Fig. 4.7 at 511 keV and 1460 keV. The former is due to
electron-positron annihilation which produces two 511 keV photons. The latter is due to the naturally
occurring radioactive isotope 40K. These background peaks all need to be considered when looking
at the energy spectra of an individual isotope, so that they are not mistaken as originating from that
isotope.
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Figure 4.7: Energy spectrum produced from all HPGe crystal signals in the isomeric data. Background
peaks are labelled. Unlabelled peaks are from strongly populated isomers.
51
Chapter 5
Results
The results presented below originate from an experiment performed in May 2013 at the RIBF,
RIKEN. The focus of the experiment was on the “Search for K-Isomers in Neutron-Rich Z ≈ 60
Isotopes”, proposed by E. Ideguchi and G. Simpson [2]. Their aim was to perform isomer and β
spectroscopy of N = 93 − 98 Ba (Z = 56), Ce (Z = 58), and Nd (Z = 60) nuclei using the active
stopper WAS3ABi. Six days of beam time was requested (and granted): two days for 156Nd, 157Nd, and
158Nd (setting 1); two days for 153Ce and 154Ce (setting 2); and two days for 152Nd and 150Ba (setting
3). The expected rates in particles per second (pps) for the 1st setting from LISE++ simulations,
performed by E. Ideguchi and G. Simpson [2], of the experiment are shown in Fig. 5.1. The expected
rates for the higher Z Sm, Eu, and Gd isotopes are comparable to those for the Ba, Ce, and Nd
isotopes. Isotopes with Z ≤ 61 are under analysis by E. Ideguchi and G. Simpson. Therefore only
isotopes with Z ≥ 62 are presented in this work.
In practice, the experiment had three different settings that differed from the proposed settings.
The first was an isomer run using the passive stopper for increased particle implantation rates, focused
on 158Nd. This setting ran for two days, of which 20 hours of data recording resulted. The second
setting was again focused on 158Nd and used the active stopper to record β-decay events. This setting
ran for 2 days, with 39 hours of data collection. The third and final setting used the active stopper,
with the focus on 150Ba. 48 hours of data was collected in 2 12 days. The 345 MeV/nucleon uranium
beam intensity for all settings was the maximum available at 10-15 pnA (with an average of 11 pnA).
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Figure 5.1: Predicted particle rate for setting 1 from [2]. The total particle rate is 97 pps, in keeping
with the maximum rate (100 pps) that the electronics of WAS3ABi is limited to. Some of the key
isotopes analysed in this work are shown: highlighted in red boxes.
The results from two experimental settings focusing on isomeric and β decay from settings 1 and
2 are presented here. Isotopes up to Z = 65 were implanted during setting 1, and up to Z = 63
during setting 2. Two particle identification (PID) plots are produced for each experimental setting.
The isomeric PID is shown in Fig. 5.2 (from setting 1) and the β decay PID in Fig. 5.3 (from setting
2). The values for Z and A/q are found using the beamline (BigRIPS and ZeroDegree) detectors as
described in Sec. 3. The number of implanted nuclei for each setting is summarised in table 5.1 and
table 5.2 respectively. The calculated (approximate) particle rates are also included in table 5.1 and
table 5.2 alongside the predicted values. The calculated values agree with the predicted values within
one order of magnitude. However, the predicted values appear to under-estimate the pps rates as the
isotopes become more neutron-rich.
A passive stopper was used for the isomer search in setting 1 instead of the proposed active
stopper. The passive stopper enabled population of more exotic neutron-rich nuclei as the passive
stopper allows a higher implantation rate. The implantation rate during the β decay setting is limited
by the electronics of the active stopper, WAS3ABi. The focus of this work is to investigate neutron-
rich nuclei with Z ≥ 62. Therefore, the emphasis in the following chapters is on results from the
isomeric setting of the experiment.
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Figure 5.2: Particle identification plot (PID) for the isomer setting of the experiment. Z and A/q are
calculated by the BigRIPS group. Nuclei analysed in this work are circled.
Figure 5.3: Particle identification plot for the β decay setting of the experiment. Z and A/q are
calculated by the BigRIPS group. Nuclei analysed in this work are circled.
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Table 5.1: Summary of the approximate number of nuclei implanted (determined by the PID data) in
the isomeric (passive stopper) setting of the experiment with Z ≥ 62. The approximate pps implanted
are in agreement with the predicted values within one order of magnitude.
Nucleus Z A/q No. implanted pps (approx.) pps (predicted)
158Sm 62 2.548 44,000 6.11× 10−1 1.53× 100
159Sm 62 2.565 600,000 8.33× 100 2.20× 100
160Sm 62 2.581 993,000 1.38× 100 2.01× 100
161Sm 62 2.597 592,000 8.22× 100 8.66× 10−1
162Sm 62 2.613 218,000 3.03× 100 7.53× 10−2
163Sm 62 2.629 49,000 6.81× 10−1
164Sm 62 2.645 9,000 1.25× 10−1
161Eu 63 2.556 44,000 6.11× 10−1 1.54× 100
162Eu 63 2.571 219,000 3.04× 100 1.02× 100
163Eu 63 2.587 236,000 3.28× 100 9.49× 10−2
164Eu 63 2.603 113,000 1.57× 100
165Eu 63 2.619 35,000 4.86× 10−1
166Eu 63 2.635 4,000 5.56× 10−2
164Gd 64 2.563 12,000 1.67× 10−1 2.80× 10−2
165Gd 64 2.578 47,000 6.53× 10−1
166Gd 64 2.594 40,000 5.56× 10−1
167Gd 64 2.609 9,000 1.25× 10−1
168Gd 64 2.625 1,000 1.39× 10−2
167Tb 65 2.569 1,000 1.39× 10−2
168Tb 65 2.585 4,000 5.56× 10−2
169Tb 65 2.600 1,000 1.39× 10−2
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Table 5.2: Summary of the approximate number of nuclei implanted (determined by the PID data) in
the β decay (active stopper) setting of the experiment with Z ≥ 61.
Nucleus Z A/q No. implanted pps (approx.) pps (predicted)
160Pm 61 2.581 21,000 1.50× 10−1 2.80× 10−1
161Pm 61 2.639 26,000 1.85× 10−1 1.90× 10−2
162Pm 61 2.656 6,000 4.27× 10−2
163Pm 61 2.672 400 2.85× 10−3
163Sm 62 2.629 1,000 7.12× 10−3
164Sm 62 2.645 2,000 1.42× 10−2
165Sm 62 2.661 300 2.14× 10−3
5.1 Isomer spectroscopy
Each nucleus in the particle identification plot has a graphical 2D gate placed around it, and an
energy-time matrix associated with the nucleus is plotted using ROOT. If the nucleus has isomeric
states the γ ray peaks are visible, except for those with very low statistics and/or very short half-lives.
An example in 160Sm can be seen below in Fig. 5.4. At time zero, especially at low energies, a ‘prompt
flash’ can be seen. The origin of the prompt flash is explained in Sec. 4.3.
In order to see the γ-ray energy spectrum clearly a variable time gate is made in the energy-time
matrix to reduce as much prompt flash as possible, without rejecting useful data. At low energies the
useful observation time of the γ rays is from ∼ 0.5µs, whereas at high energies the prompt flash is
narrower, and so the gate can be made within 100 ns of ion implantation.
The particle gate together with the variable time gate are used to produce γ-ray energy spectra.
While measuring the intensity of the γ rays, a fixed time gate is used, from the dashed line in Fig. 5.4.
An appropriate range is chosen depending on the half-life of the isomer. For example, in the energy-
time matrix of 160Sm, the γ rays extend beyond the plot shown (3.5 µs).
56
Figure 5.4: Energy-time matrix of 160Sm with 1 keV energy binning and 1 ns time binning. The solid
line exemplifies a variable time gate and the dashed line shows the lower limit of a fixed time gate.
Five isomers in even-even nuclei were found in the isomeric setting of the experiment: 160Sm,
162Sm, 164Sm, 164Gd and 166Gd. Isomers were also found in the odd-even nuclei: 163Eu, 165Eu, 159Sm,
161Sm, 167Tb, and 169Tb, and the odd-odd nuclei: 164Eu and 168Tb. The results are shown in the
following sections, with discussion of the results in chapter 6.
5.1.1 159Sm results
A graphical gate in ROOT was placed around 159Sm in the PID. The γ rays associated with this
nucleus can be seen in Fig. 5.5, with 1 keV/bin. This binning is used for all energy spectra in this
work. The 870 keV γ ray depopulates the isomeric state.
The isomer shown here in this work was previously identified by W. Urban et al. from spontaneous
fission of a 252Cf source placed at the centre of Gammasphere [92]. Prior to their work, the 163-243-
870 keV cascade was reported as belonging to 154Nd [93]. This work confirms Urban’s conclusion that
the 163-243-870 keV cascade belongs to 159Sm. The partial level scheme found in this work can be
seen in Fig. 5.6. The level scheme data is summarised in table 5.3. Conversion coefficients used for
this and all other nuclei in this work are taken from BrIcc [94, 95]. In the absence of directly measured
electron conversion coefficients and γ-ray angular correlations, the spin and parity assignments are
considered tentative.
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Figure 5.5: Energy spectrum of delayed γ rays from 159Sm emitted within 800 ns of an ion’s arrival.
Inset: The exponential decay curve from the decay of the isomeric state in 159Sm, obtained from all
labelled γ rays with 14 ns binning.
The intensity balances through the 870 and 243 keV transitions in Fig. 5.6 but there is missing
intensity in the 163 keV transition. The branching ratio compared to the total intensity has a large
discrepancy for the 163 keV transition, shown in table 5.3. This discrepancy could be due to unobserved
low energy transitions from the (92
−
) state to a (72
−
) state, followed by a transition from (72
−
) state
to the (52
−
) ground state. The large amount of background radiation compared to the peaks could
also be affecting the intensity measurements. Due to the short half-life of the isomer it is difficult to
measure the γ ray intensities, particularly at low energies where they are obscured by the background
radiation and Compton scatter events.
Urban et al previously measured the half-life of the isomer as 116(8) ns with much higher statistics.
The half-life was measured in this work as 50(17) ns from the weighted average of the three observed
γ rays using 14 ns/bin. This half-life was measured between 150-500 ns due to the short half-life and
low statistics, in order to exclude a contribution from the prompt flash. An exponential with a linear
background function was used to fit a trend to the data.
The 52
−
ν[523] ground state was also previously assigned this spin-parity by Urban et al.. This
assignment is also confirmed in this work by blocked BCS calculations, shown in Sec. 6.1. According
to Urban et al., the isomeric state is due to the ν 112
−
[505] intruder orbital. However, in this work the
isomeric state is assigned Kpi = (152
+
) due to a lack of transition from the isomeric state to the (92
−
)
state, or the (112
−
) state in the rotational band. Blocked BCS calculations also predict a 3-qp 152
+
state in 159Sm at 1040 keV (see Sec. 6.1), close to the measured 1276 keV energy. The states in the
rotational band on top of the isomeric state in Urban’s work [92] do not have spin-parity assignments.
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Therefore the Kpi = (152
+
) assignment for the isomeric state is compatible with this rotational band.
However, spin-parity assignments are considered tentative in the absence of angular correlations.
870
243
1635/2
(9/2 )
(13/2 )
(15/2 )1276
t1/2=50(17)ns
Figure 5.6: Partial level scheme of 159Sm in this work. Internal conversion electron intensity is
represented in white; γ-ray intensity is in black.
Table 5.3: Initial level energy, Ei, spin-parity, J
pi
i , and branching ratio, Btot (corrected for electron
conversion) of the levels obtained for 159Sm in this work. The total intensity, Itot, for each transition
is listed relative to the 870 keV transition and corrected for electron conversion. For each γ ray the
energy, Eγ , γ-ray intensity, Iγ , and final level spin, J
pi
f , are listed. γ-ray intensities are relative to the
870 keV γ-ray intensity.
Ei (keV) J
pi
i Eγ (keV) Btot(rel.) Itot(rel.) Iγ(rel.) J
pi
f
163.1(9) (92
−
) 163.1(9) 100 27(23) 19(6) (52
−
)
406(1) (132
−
) 243.2(7) 100 74(38) 67(21) (92
−
)
1276(1) (152
+
) 869.6(8) 100 100(44) 100(31) (132
−
)
5.1.2 160Sm results
A graphical gate in ROOT was placed around 160Sm in the PID. The γ rays associated with this
nucleus can be see in Fig. 5.7. A previous experiment by G. S. Simpson et al. [96] had identified a
120(46) ns (5−) two-qp isomer that decays via 878 and 1128 keV transitions to the 6+ and 4+ states
in the ground state band respectively. In addition to these known transitions, γ rays from the decay
of a four-qp isomer are now observed in the current work. In particular, a strongly-coupled rotational
band structure is newly identified. These new γ rays have been added to the 160Sm level scheme,
presented in Fig. 5.10.
The level scheme in Fig. 5.10 was deduced from γ-γ coincidence analysis. The time gate for γ-γ
coincidences was set as 400 ns, long enough to ensure that the coincidences are not obscured by the
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prompt flash. This time window is used for all coincidences in this work. The coincident spectra also
have background subtraction applied to minimise the possibility of false coincidences. A histogram is
produced by gating on the γ-ray peak. A second histogram containing the background is subtracted
from this. Two energy ranges of the energy spectrum are chosen either side of the peak, with the same
width as the peak gate. For example, the gate for the 107.5 keV peak is 106-109 keV. The background
gates are 100-103 keV and 112-115 keV. The counts in the background histogram are halved before it
is subtracted, as the background histogram contains twice as many channels as the peak histogram.
These gates are exemplified in Fig. 5.8. This method does allow the for the possibility of non-integer
and/or negative counts in the coincident spectra, as shown in Fig. 5.9, however, this method does
provide a very clean spectrum in which the coincident γ rays may be seen.
The newly observed γ rays with the highest energy (432 and 641 keV) were determined to depop-
ulate the isomeric state directly. The 2+ → 0+ 71 keV γ ray cannot be observed in Fig. 5.7 due to a
strongly competing electron conversion process, but has been observed in coincident spectra (shown
in Fig. 5.9). In addition to the γ rays placed in the 160Sm level scheme, weak γ rays at 123, 149,
and 316 keV are also observed in Fig. 5.7, but were unable to be placed due to low statistics in the
coincident spectra.
Energy (keV)0 200 400 600 800 1000
Co
un
ts
 p
er
 k
eV
0
50
100
150
200
250
300
350
16
1.
9
10
7.
5 13
3.
5
15
2.
3
17
1.
4
19
0.
4
20
9.
1 25
0.
3
28
6.
4
32
4.
1
36
2.
0
39
9.
5
43
2.
1 64
1.
1
87
7.
8
11
27
.
9
Figure 5.7: Energy spectrum of delayed γ rays from 160Sm observed 0.5 to 2.5 µs following implanta-
tion. Inset: The exponential decay curve from the four-quasiparticle isomeric decay of 160Sm, obtained
from the 432 and 641 keV γ rays with 400 ns binning.
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Figure 5.8: Enlarged 160Sm γ-ray energy spectrum. An example of how a γ gate is chosen is shown
for the 107.5 keV γ-ray peak. The 209 keV peak is more clearly seen, as well as several γ rays not
placed in the level scheme.
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Figure 5.9: 160Sm spectrum γ gated on 324 keV with background subtraction. The 71 keV γ-ray peak
is visible.
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Figure 5.10: Level scheme of 160Sm. All γ rays above the 5− two-qp state are observed for the first
time in this work [97]. Internal conversion electron intensity is represented in white; γ-ray intensity is
in black.
The spin and parity assignments in Fig. 5.10 are determined from the transition multipolarities,
which have been obtained from the intensity balances through the levels and the decay patterns. The
intensities can be seen in table 5.4. Where the states are depopulated by more than one transition, the
branching ratios, Btot, are calculated from Itot1/(Itot1 + Itot2) et cetera. The intensity is not required
to balance when transitioning through the (5−) isomeric state, as this will likely be populated directly
in the nuclear reaction. However, there is missing intensity through the (6−) state. One would expect
a rotational band built on the Kpi = 5− bandhead to exist. Members of the Kpi = 6− band may
be connected to the expected Kpi = 5− band via γ transitions. There are several low-energy γ rays
observed in the Fig. 5.7 which could not be placed in the level scheme. It is likely these γ rays are part
of the Kpi = 5− band and the connecting transitions between the two rotational bands. Therefore
the presented level scheme is incomplete, resulting in some unbalanced intensities. The spin and
parity assignments in Fig. 5.10 are tentative in the absence of directly measured electron conversion
coefficients and γ-ray angular correlations.
The half-life of the four-qp isomeric state was measured to be 1.8(4) µs, from the weighted average
of the 432 and 641 keV γ-ray half-lives (using 400 ns/bin). The half-lives were measured from the
exponential decay curves including a linear background derived from the time between ion implantation
and γ-ray detection (see inset in Fig. 5.7). The half-life of the (5−) two-qp state was previously
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measured at 120 (46) ns [96]. The half-life of this isomeric state was not measured in this work as the
statistics were not sufficient to resolve the two different half-lives.
Table 5.4: Initial level energy, Ei, spin-parity, J
pi
i , and branching ratio, Btot (corrected for electron
conversion) of the levels obtained for 160Sm in this work. The total intensity, Itot, for each transition
is listed relative to the 162 keV transition and corrected for electron conversion. For each γ ray the
energy, Eγ , γ-ray intensity, Iγ relative to the 1128 keV γ-ray intensity, and final level spin, J
pi
f , are
listed. *The 71 keV γ ray is only observed in coincident spectra. Intensities marked † have not been
directly measured but are obtained from the intensity balance of incoming and outgoing γ rays.
Ei (keV) J
pi
i Eγ (keV) Btot(rel.) Itot(rel.) Iγ(rel.) J
pi
f
(keV) (keV)
71(1) (2+) 71(1)* 100† 100(11)† 14(2)† 0+
232.9(10) (4+) 161.9(3) 100 100(11) 91(11) (2+)
483.2(11) (6+) 250.3(4) 100 29(5) 34(6) (4+)
1361.0(11) (5−) 877.8(4) 20(5) 19(4) 24(5) (6+)
1127.9(4) 80(19) 77(9) 100(13) (4+)
1468.5(12) (6−) 107.5(3) 100 48(9) 26(5) (5−)
1602.0(12) (7−) 133.5(3) 100 71(10) 53(8) (6−)
1754.3(13) (8−) 152.3(4) 84(25) 52(11) 45(9) (7−)
286.4(4) 16(5) 10(3) 12(3) (6−)
1925.7(13) (9−) 171.4(4) 62(17) 25(5) 24(5) (8−)
324.1(4) 38(11) 16(4) 20(5) (7−)
2116.1(14) (10−) 190.4(4) 51(12) 30(5) 30(6) (9−)
362.0(3) 49(11) 28(5) 35(6) (8−)
2325.2(15) (11−) 209.1(5) 33(25) 5(4) 6(4) (10−)
399.5(5) 67(52) 11(3) 13(4) (9−)
2757.3(14) (11+) 432.1(4) 25(6) 16(4) 21(5) (10−)
641.1(3) 75(18) 50(7) 64(9) (11−)
Two γ rays of 432 and 641 keV depopulate the four-qp isomer into a band structure built on a two-
qp bandhead. A spin of at least 11~ for the four-qp state is required by the absence of a transition from
the isomeric state to the (9−) state. Spin-parities of 11+ and 12− are permitted by the experimental
data. Blocked BCS calculations presented in 6.2.1 suggest a Kpi = 11+ assignment for the four-qp
state.
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5.1.3 161Sm results
A graphical gate in ROOT was placed around 161Sm in the PID. The γ rays associated with this
nucleus can be seen in Fig. 5.11. Prior to this work only the β decay half-life of 4.8(4) s was measured
by S. Ichikawa et al., from the average of the β-gated half-lives of a 264 keV γ ray from 161Eu and the
Eu Kα X-ray [98]. Unlike the isomer in odd-even
159Sm, the half-life of the isomer in 161Sm is long
(2.6(4) µs compared to 50(17) ns).
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Figure 5.11: Energy spectrum of delayed γ rays from 161Sm observed 0.1 to 3.0 µs following implanta-
tion. Inset: The exponential decay curve from the isomeric decay of 161Sm, obtained from the 262 keV
γ ray with 120 ns binning.
A fragment of the level scheme was constructed using γ − γ coincidences, the results of which can
be seen in Fig. 5.12. The intensities (shown in table 5.5) balance through the levels. The spin and
parity of the levels are tentative. From the number of high energy γ rays it is likely that there are two
or more isomeric states feeding the strong 262 keV transition, and/or an isomeric state feeding several
bands. However, due to the complexity of the γ-ray spectrum the level scheme cannot be completed.
Blocked BCS calculations predict a 72
+
ground state, shown in Sec. 6.3. However, there is also a 12
−
state predicted that is close in energy to the 72
+
state, therefore this assignment is tentative.
The half-life of the strong 262 keV γ ray was measured to be 2.6(4) µs using 120 ns/bin, shown
inset in Fig. 5.11. An exponential curve with a linear background was fit to the data. The half-lives
of the higher energy γ rays have also been measured as these are the most likely to depopulate the
isomeric state(s). The spectra are shown in Fig. 5.13. The 520 and 847 keV γ rays have similar
half-lives of 1.6(9) and 1.7(9) µs (using 200 ns/bin) which give a weighted average of 1.7(7) µs. The
757 and 883 keV γ rays also have similar half-lives of 2.5(9) and 2.7(6) µs (using 111 ns/bin), with a
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weighted average of 2.6(5) µs. However, the uncertainties on these measurements are sufficiently large
such that a strong conclusion on their originating from two different isomeric states cannot be made.
Blocked BCS calculations were also performed for 161Sm in Sec. 6.3, however, the results reveal that
many ground state and isomeric state configurations are possible.
262
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Figure 5.12: Partial level scheme of 161Sm obtained in this work. Internal conversion electron intensity
is represented in white; γ-ray intensity is in black.
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Figure 5.13: 161Sm isomeric half-lives. Left: half-life from the 520 and 847 keV γ rays using 200 ns/bin.
Right: half-life from the 757 and 883 keV γ rays using 111 ns/bin.
65
Table 5.5: Initial level energy, Ei, spin-parity, J
pi
i , and branching ratio, Btot (corrected for electron
conversion) of the levels obtained for 161Sm in this work. The total intensity, Itot, for each transition
is listed relative to the 262 keV transition and corrected for electron conversion. For each γ ray the
energy, Eγ , γ-ray intensity, Iγ , and final level spin, J
pi
f , are listed. γ-ray intensities are relative to the
262 keV γ-ray intensity.
Ei (keV) J
pi
i Eγ (keV) Btot(rel.) Itot(rel.) Iγ(rel.) J
pi
f
86.3(4) (92
+
) 86.3(4) 100 78(18) 24(5) (72
+
)
192.9(4) (112
+
) 105.8(4) 74(19) 60(12) 27(5) (92
+
)
(112
+
) 192.9(4) 26(7) 21(4) 18(3) (72
+
)
455.3(5) (152
+
) 262.4(3) 100 100(9) 100(9) (112
+
)
unplaced γ rays
125.1(5) 15(6)
141.0(5) 19(5)
326.5(4) 8(2)
519.9(5) 8(2)
741.2(6) 19(4)
756.9(4) 9(3)
847.0(4) 18(4)
882.8(4) 43(6)
5.1.4 162Sm results
Only three γ rays are visible in the energy spectrum of 162Sm (Fig. 5.14), however, one of them
is from the low energy 2+ → 0+ transition, which is normally difficult to observe in this type of
experiment. The γ ray from this transition is only observed in one other nucleus’ full energy spectrum
in this work (164Gd) due to a highly competing internal conversion process. The background radiation
in γ-ray energy spectra in other isomers in this work is also greater as there are more γ rays associated
with them, making it difficult to to see low energy γ-ray peaks amongst the Compton scattered events.
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Figure 5.14: Energy spectrum of delayed γ rays from 162Sm observed 0.1 to 3.0 µs following implant-
ation. Inset: The exponential decay curve from the isomeric decay of 162Sm, obtained from the 165
and 775 keV γ rays using 60 ns/bin.
This isomer has previously been seen, however the results were shown at the INPC conference 2013
by S. Go et al. but have not been published to date [99]. Go’s measured half-life is 1.76(11) µs, found
by gating on the 165 keV γ ray. Their half-life is is agreement with the measured half-life of 1.7(2) µs
(60 ns/bin) from the weighted average of the 165 and 775 keV γ rays in this work. The half-lives were
determined from an exponential with a linear background fit function.
Table 5.6: Initial level energy, Ei, spin-parity, J
pi
i , and branching ratio, Btot (corrected for electron
conversion) of the levels obtained for 162Sm in this work. The total intensity, Itot, for each transition
is listed relative to the 775 keV transition and corrected for electron conversion. For each γ ray the
energy, Eγ , γ-ray intensity, Iγ , and final level spin, J
pi
f , are listed. γ-ray intensities are relative to the
775 keV γ-ray intensity.
Ei (keV) J
pi
i Eγ (keV) Btot(rel.) Itot(rel.) Iγ(rel.) J
pi
f
71.4(4) (2+) 71.4(4) 100 56(11) 6(2) 0+
235.9(5) (4+) 164.5(3) 100 95(5) 68(3) (2+)
1010.7(6) (4−) 774.8(3) 100 100(5) 100 (4+)
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Figure 5.15: Level scheme of 162Sm obtained in this work. Internal conversion electron intensity is
represented in white; γ-ray intensity is in black.
The level scheme is shown in 5.15 and the intensities are shown in table 5.6. The intensity
through the 2+ level in the rotational band does not balance. This unbalance is likely due to the
large uncertainty in the efficiency of the germanium detectors at low energies (E < 80 keV) and the
large background radiation at this energy. Spin and parity assignments are tentative in the absence
of angular correlations. Blocked BCS calculations confirm the (4−) spin-parity assignment for the
isomeric state (Sec. 6.4). An isomeric state in the isotone 164Gd is also assigned a (4−) spin-parity
(see Sec. 5.1.9).
5.1.5 163Sm results
An energy spectrum for 163Sm was made using a graphical gate placed around 163Eu in the PID
and a time gate in its energy-time matrix. The statistics are very low for this nucleus: the largest peak
that can be seen is from the background neutron interactions in the germanium crystals. The energy
spectrum in Fig. 5.16 shows several possible peaks from isomeric decay at 163, 197, 221, and 382 keV.
However, the number of implanted 163Sm ions (49,000) is greater than the number of implanted 164Gd
ions (12,000) and 166Gd ions (40,000) shown in table 5.1. If an isomer exists in 163Sm, the γ-ray
peaks would likely be more visible than shown in Fig. 5.16, unless the isomer has a very short half-life.
Blocked BCS calculations were performed in Sec. 6.5 to predict possible configurations of the ground
state and potential isomeric states, however, they reveal many configurations are possible for both.
No further analysis was performed for this nucleus due to the low γ-ray statistics.
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Figure 5.16: Energy spectrum of 163Sm observed 0.1 to 0.5 µs following implantation, with possible
delayed γ rays labelled. A short time-gate was chosen to minimise the background radiation, however
the strongest peak observed at 691 keV is due to background radiation.
5.1.6 164Sm results
A graphical gate in ROOT was placed around 164Sm in the PID. Delayed γ rays emitted from
164Sm are shown in Fig. 5.17. All labelled peaks have been identified and placed in the level scheme.
This is the first observation of γ rays from 164Sm.
The level scheme seen in Fig. 5.18 was deduced from γ-γ coincidence analysis. The 2+ → 0+
transition in 164Sm was not observed, due to the relatively low efficiency for γ-ray detection in the
70 keV region, together with large E2 conversion coefficients for such transitions. The intensities of
the transitions are listed in table 5.7. A γ transition of energy 694 keV is also observed in 164Sm.
However, due to low statistics this could not be placed in the level scheme.
The spin and parity assignments given in Fig. 5.18 are based on the transition multipolarities
obtained from the intensity balances through the levels and the decay patterns. In the absence of
directly measured electron conversion coefficients or γ-ray angular correlations, the spin and parity
assignments are considered to be tentative. The assignment of a Kpi = 6− isomer is consistent with
PES calculations performed in this work (shown in Sec. 6.9.1).
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Figure 5.17: Spectrum of γ rays from 164Sm, emitted within 2 µs after an ion’s arrival. Inset: The
exponential decay curve (with a linear background component) from the isomeric decay of 164Sm with
300 ns binning.
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Figure 5.18: Level scheme of 164Sm obtained in this work. The 2+ → 0+ transition was not observed.
Internal conversion electron intensity is represented in white; γ-ray intensity is in black.
The (5+) level in 164Sm likely belongs to its corresponding γ band. However, the lack of statistics
does not allow further determination of the γ-band members. The assignment of (5+) spin and parity
to this level is consistent with the E1 multipolarity assignment of the 349 keV transition depopulating
the (6−) isomeric state. The half-life of the isomer in 164Sm is measured to be 600(140) ns, from
the weighted averages of all γ rays observed (using 300 ns/bin). The half-life, shown in Fig. 5.17, is
measured from the exponential decay curve with a linear background fit.
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Table 5.7: Initial level energy, Ei, spin-parity, J
pi
i , and branching ratio, Btot (corrected for electron
conversion) of the levels obtained for 164Sm in this work. Level energies are given relative to the first
2+ state. The total intensity, Itot, for each transition is listed relative to the 156 keV transition and
corrected for electron conversion. For each γ ray the energy, Eγ , γ-ray intensity, Iγ , and final level
spin, Jpif , are listed. γ-ray intensities are relative to the 349 keV γ-ray intensity.
Ei (keV) J
pi
i Eγ (keV) Btot(rel.) Itot(rel.) Iγ(rel.) J
pi
f
155.9(7) (4+) 155.9(7) 100 100(18) 79(14) (2+)
398.1(9) (6+) 242.2(6) 100 27(8) 28(9) (4+)
1067.2(9) (5+) 668.8(7) 33(14) 34(12) 39(14) (6+)
911.3(6) 67(24) 67(19) 79(22) (4+)
1416.6(9) (6−) 349.4(5) 100 86(16) 100(18) (5+)
5.1.7 163Eu results
A graphical gate in ROOT was placed around 163Eu in the PID. An energy-time matrix was
constructed and a graphical gate made, excluding the prompt flash. The germanium energy spectrum
with both gates applied can be seen in Fig. 5.19. Prior to this work, the only data published on 163Eu
was its identification in 2008 by A. Osa et al. [100] during their work on developing a new ion source
for JAEA. They measured the β decay half-life of 163Eu to be 7.7(4) s. The isomer observed in 163Eu
in this work was also seen by S. Go et al. and was presented at the INPC conference in 2013, but has
not yet been published [99].
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Figure 5.19: Spectrum of γ rays from 163Eu, emitted within 2.5 µs after an ion’s arrival. Inset: The
exponential decay curve from the isomeric decay of 163Eu with 60 ns/bin.
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The half-life of the isomeric state in 163Eu was measured to be 990(40) ns from the weighted
averages of the decay curves of the 214 and 675 keV γ rays, using 60 ns/bin. A linear background
was also fitted to the data. This half-life measurement is in agreement with the 0.91(6) µs measured
half-life of the 214 keV γ ray by Go et al. [99]. The level scheme in Fig. 5.20 was constructed for the
first time, using γ − γ coincidences. The main decay path is through the 675-214-75 keV transitions
from the (132
−
) isomeric state. A summary of the intensities is displayed in table 5.8. The intensity
balances through the levels. The spin and parity of the levels were assigned with the aid of blocked
BCS calculations in Sec. 6.6 and are tentative in the absence of directly measured γ-ray correlations
and internal conversion coefficients.
There are two γ rays in Fig. 5.20 and table 5.8 that cannot be seen in the full energy spectrum.
They can be seen in the coincident spectra in Fig. 5.21. The 408 keV γ ray can be seen in the 268 keV
gate, as it feeds this transition. The 138 keV transition is fed by the 537 keV transition and is visible
in the gate around the 537 keV γ ray.
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Figure 5.20: Level scheme of 163Eu obtained in this work. The 138 and 408 keV γ rays can only
be seen in coincident spectra. Internal conversion electron intensity is represented in white; γ-ray
intensity is in black.
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Table 5.8: Initial level energy, Ei, spin-parity, J
pi
i , and branching ratio, Btot (corrected for electron
conversion) of the levels obtained for 163Eu in this work. The total intensity, Itot, for each transition
is listed relative to the 675 keV transition and corrected for electron conversion. For each γ ray the
energy, Eγ , γ-ray intensity, Iγ relative to the 675 keV γ-ray intensity, and final level spin, J
pi
f , are
listed. Transitions marked with ∗ are only visible in coincident spectra. Intensities marked † have not
been directly measured but are obtained from the intensity balance of incoming and outgoing γ rays.
Ei (keV) J
pi
i Eγ (keV) Btot(rel.) Itot(rel.) Iγ(rel.) J
pi
f
74.9(4) (72
+
) 74.9(4) 100 82(16) 16(3) (52
+
)
172.1(4) (92
+
) 96.9(5) 44(20) 17(7) 6(2) (72
+
)
172.1(4) 56(13) 21(3) 16(2) (52
+
)
289.8(7) (112
+
) 117.7(4) 27(4) 27(4) 13(2) (92
+
)
214.3(3) 73(6) 73(5) 63(4) (72
+
)
428.2(7) (132
+
) 138(1)∗ 11(8)† 2(1)† 1(1)† (112
+
)
256.1(4) 89(23) 15(2) 14(2) (92
+
)
558.1(7) (152
+
) 268.3(5) 100 4(1) 4(1) (132
+
)
964.2(6) (132
−
) 408(1)∗ 4(1)† 4(1)† 4(1)† (152
+
)
536.5(4) 14(2) 17(2) 17(2) (132
+
)
675.0(3) 82(6) 100(7) 100(7) (112
+
)
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Figure 5.21: Background-subtracted gated energy spectra of 163Eu. Left: gated on the 537 keV γ ray.
The 138 keV γ ray is visible. Right: gated on the 268 keV γ ray. The 408 keV γ ray is visible.
5.1.8 164Eu and 165Eu results
Energy spectra of 164Eu and 165Eu in Fig. 5.22 and Fig. 5.23 reveal some γ ray peaks in these
isotopes for the first time. Prior to this work the only data available on these isotopes was the β decay
half-lives of 4.2(2) and 2.3(2) s respectively [101]. The energies of the γ rays in 164Eu were measured
at 53.7(5), 89.5(7), 120.4(8), and 214(1) keV. The energies of the γ rays in 165Eu were measured at
124.2(6), 156(1), and 244(1) keV.
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These spectra suggest that isomeric states in 164Eu and 165Eu were populated during the experi-
ment. However, the statistics are too low (and the detection efficiency falls quickly past ∼ 80 keV) to
see any higher energy γ rays that might depopulate the isomeric states as in 163Eu (Sec. 5.1.7). The
statistics are also too low to measure the half-lives of the γ rays or to produce any γ− γ coincidences.
Therefore no further analysis has been performed on these isotopes.
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Figure 5.22: Spectrum of γ rays from 164Eu, emitted within 2 µs following an ion implantation.
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Figure 5.23: Spectrum of γ rays from 165Eu, emitted within 2 µs following an ion implantation.
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5.1.9 164Gd results
An energy spectrum of 164Gd γ rays (Fig. 5.24) was made using a PID gate and a variable time
gate in ROOT, to select the nucleus and remove the prompt flash respectively. A previous experiment
by A. Osa et al. on the development of a new ion source for the JAEA separator [102] identified two γ
rays from 164Gd at 141.9 and 168.8 keV from β−γ coincidences. This work confirms the identification
of the 168 keV γ ray as originating from the decay of 164Gd, but not the 142 keV γ ray. It is unlikely
that this γ ray is from ground state band transitions in 164Gd. The observed isomer in 164Gd in this
work was also seen by S. Go et al.; presented at the INPC conference in 2013 [99].
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Figure 5.24: Spectrum of γ rays from 164Gd, emitted within 1.4 µs after an ion’s arrival. Inset: The
exponential decay curve from the isomeric decay of 164Gd using 30 ns binning.
The half-life of 164Gd was measured to be 530(100) ns from the weighted averages of the 168 and
855 keV γ rays using 30 ns/bin. The half-lives were determined from an exponential decay curve with
a linear background. This half-life is in agreement with Go’s measurement of 0.54(4) µs, found by
gating on the 168 keV γ ray. The level scheme was constructed using γ− γ coincidences and is shown
in Fig. 5.27, with intensities in table 5.9. The isomeric state is assigned a Kpi = (4−) spin-parity and
is confirmed by blocked BCS calculations presented in table 6.11. The isomeric state in isotone 162Sm
is also assigned a Kpi = (4−) spin-parity (see Sec. 5.1.4).
The (3+) state is likely part of the γ band, with Kpi = 2+. There are no visible γ rays in Fig. 5.24
that feed the (3+) state. However, in an enlarged image of the energy spectrum (Fig. 5.25, a possible
61 keV γ ray is revealed. This γ ray fits the missing energy between the (4−) and (3+) states. It is
also visible when drawing an energy histogram gated on the 962 keV γ ray in Fig. 5.26. The 962 keV
γ ray is not very strong at 25 counts in the full energy spectrum, therefore the gated spectrum does
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not contain much information. However, it does have 2 counts for the 61 keV γ ray, which is further
evidence that this transition exists. A 60.5 keV γ ray was seen in the full energy spectrum by Go [99],
which is further evidence that this transition exists.
There should also exist a 794 keV γ ray from the transition between the (3+) and (4+) states.
There is some slight evidence for it in Fig. 5.25. However, it should also appear in an energy spectrum
gated on the 168 keV transition but it does not. The transition probability (from Weisskopf estimates
of the single-particle state in table 2.3) for it is also lower than that of the 962 keV γ ray. Therefore it
has been included in the level scheme only tentatively. A summary of intensities is shown in table 5.9.
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Figure 5.25: Enlarged view of the possible 61 and 794 keV γ rays in 164Gd
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Figure 5.26: Energy spectrum of 164Gd gated on the 962 keV γ ray. 2 counts at 61 keV are visible.
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Figure 5.27: Level scheme of 164Gd obtained in this work. Internal conversion electron intensity is
represented in white; γ-ray intensity is in black.
Table 5.9: Initial level energy, Ei, spin-parity, J
pi
i , and branching ratio, Btot (corrected for electron
conversion) of the levels obtained for 164Gd in this work. The total intensity, Itot, for each transition
is listed relative to the 73 keV transition and corrected for electron conversion. For each γ ray the
energy, Eγ , γ-ray intensity, Iγ relative to the 168 keV γ-ray intensity, and final level spin, J
pi
f , are
listed. Transitions marked with ∗ are only visible in coincident spectra. Intensities marked † have not
been directly measured but are obtained from the intensity balance of incoming and outgoing γ rays.
Ei (keV) J
pi
i Eγ (keV) Btot(rel.) Itot(rel.) Iγ(rel.) J
pi
f
73(1) (2+) 73(1) 100 100(70) 27(14) (0+)
241.1(11) (4+) 168.4(4) 100 59(32) 100(28) (2+)
1034.9(11) (3+) 961.9(4) 100 34(17) 79(17) (2+)
1096.1(12) (4−) 61(1)∗ 45(14)† 34(17)† 39(8)† (3+)
854.7(5) 55(17) 42(23) 97(34) (4+)
5.1.10 166Gd results
A graphical gate in ROOT was placed around 166Gd in the PID shown in Fig. 5.2. The γ rays
associated with this nucleus can be seen in Fig. 5.28. A level scheme was deduced from γ-γ coincidence
analysis, seen in Fig. 5.31. The 70, 78 and 137 keV γ rays cannot be seen in Fig. 5.28, but have been
observed in coincident γ-ray spectra, shown in Fig. 5.30. The existence of the 37 keV transition was
deduced from the coincident relationship between the 146 and 1188 keV transitions. Intensities are
listed in table 5.11. A previous experiment tentatively assigned the 2+ → 0+ and 4+ → 2+ transitions
in 166Gd to 69.7 and 160.8 keV respectively [102].
In addition to the γ rays assigned to 166Gd, two weak γ rays of 220 and 269 keV were observed
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but not placed in the level scheme. The possibility that the identified γ rays are due to lower mass
isotopes with one, two or three electrons (H-like, He-like, and Li-like, respectively) was investigated.
A charge state of a 164Gd, 163Gd, 161Gd, or 158Gd ion would overlap the A/q (mass-to-charge ratio,
2.594) and Z (64) of 166Gd in the PID. A Gd ion with one electron would give q = 63 instead of
q = 64. One-charge states of 164Gd and 163Gd ions would overlap the A/q of 166Gd at 2.603 and
2.587 respectively. Similarly, a two-electron charge-state of 161Gd has an A/q of 2.597 (q = 62) and a
three-electron charge-state of 158Gd would overlap with an A/q of 2.590 (q = 61). There is no evidence
of a 220 or 269 keV γ ray in the 164Gd isomer observed in this work. These γ rays are also not present
in the excited states of 161Gd [103] or 158Gd [104]. It is possible that they are from the charge state
of 163Gd. However, to date there is no γ-ray spectroscopy for this isotope.
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Figure 5.28: Spectrum of γ rays from 166Gd, emitted within 2.5 µs after an ion’s arrival. Inset: The
exponential decay curve from the isomeric decay of 166Gd using 15 ns binning.
The level scheme of 166Gd was constructed using γ − γ coincidences. The intensities are shown in
table 5.11. The isomeric state is assigned a (6−) spin-parity and is confirmed by PES calculations in
Sec. 6.9.1. The spin and parity assignments given in Fig. 5.31 are based on the transition multipolarities
obtained from the intensity balances through the levels and the decay patterns. For example, the
strong 146 and 183 keV transitions depopulating the isomeric state are assigned as E1 transitions.
These assignments are necessitated by the low electron conversion coefficients required by the intensity
balances, shown in table 5.10. In the absence of directly measured electron conversion coefficients or
γ-ray angular correlations, the spin and parity assignments are considered to be tentative.
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Figure 5.29: Enlarged view of the energy spectrum of 166Gd. The 178 keV γ ray is visible.
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Figure 5.30: Background-subtracted gated energy spectra of 166Gd. Right: gated on the 183 keV γ
ray. The 70 keV γ ray is visible. The 43 keV Gd Kα1 X-ray and a peak at 143 keV are also visible.
Left: gated on the 146 keV γ ray. The 78 keV γ ray is visible. There is one count at 137 keV. However,
there is also similar strength background radiation in neighbouring channels.
The half-life of the (6−) isomeric state was measured to be 950(60) ns, from the weighted averages
of the 146, 161, 183, 249, 1088, 1170 and 1188 keV transition half-lives using 15 ns/bin. The half-lives
were determined for all individual transitions of 166Gd, and were found to be consistent with each
other within statistical uncertainties, which suggests that all transitions are from the decay of a single
isomeric state. The half-lives were found from an exponential decay curve with a linear background
fit.
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Figure 5.31: Level scheme of 166Gd obtained in this work. Internal conversion electron intensity is
represented in white; γ-ray intensity is in black.
Table 5.10: Combinations of 146 and 183 keV γ-ray multipolarities. The total input intensity from the
146 and 183 keV γ rays must be the same as the total intensity of the 70 keV γ ray. The total intensity
of the 2+ → 0+ transition is normalised to 1000(70). The only combination of multipolarities that
provides a total input intensity that agrees with this is an E1 assignment for both 146 and 183 keV
γ rays.
E1(183) M1(183) E2(183) M2(183)
E1(146) 1114(59) 1306(69) 1264(67) 2422(140)
M1(146) 1354(73) 1546(82) 1505(80) 2663(146)
E2(146) 1339(72) 1531(81) 1489(79) 2648(146)
M2(146) 3069(204) 3261(208) 3219(207) 4377(240)
A fragment of a 2-quasiparticle band has been observed in 166Gd with a possible (4+) bandhead at
1350 keV. Calculations suggest a 2-proton pi 32
+
[411] ⊗ pi 52
+
[413] configuration (see table 6.12). Such
bands have been observed in isotopes 156Gd [105] and 160Gd [106] at 1511 and 1070 keV respectively,
which is consistent with the configuration assignment in 166Gd.
The third band observed in 166Gd is assigned as the vibrational γ band. The bandhead was
not observed, however the energies and spacings of the assigned (3+), (4+) and (5+) levels (1240,
1318 and 1418 keV respectively) are similar to those in the isotones 172Yb (1173, 1263 and 1376 keV
respectively) [107] and 170Er (1010, 1127 and (1237) keV respectively) [108]. Based on the isotones’
2+ bandheads (1118 keV for 172Yb and 934 keV for 170Er) and the (3+), (4+) and (5+) levels of 166Gd,
the 2+ bandhead for 166Gd is estimated to be at ≈ 1190 keV.
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Table 5.11: Initial level energy, Ei, spin-parity, J
pi
i , and branching ratio, Btot (corrected for electron
conversion) of the levels obtained for 166Gd in this work. The total intensity, Itot, for each transition
is listed relative to the 73 keV transition and corrected for electron conversion. For each γ ray the
energy, Eγ , γ-ray intensity, Iγ relative to the 183 keV γ-ray intensity, and final level spin, J
pi
f , are listed.
Transitions marked with ∗ are only visible in coincident spectra, while ∗∗ indicates that the transition
has not been directly observed but deduced from coincident relationships. Intensities marked † have
not been directly measured but are obtained from the intensity balance of incoming and outgoing γ
rays.
Ei (keV) J
pi
i Eγ (keV) Btot(rel.) Itot(rel.) Iγ(rel.) J
pi
f
70(1) (2+) 70(1)∗ 100† 100(10)† 15(1)† 0+
230.8(10) (4+) 160.8(2) 100 75(8) 82(6) (2+)
479.5(11) (6+) 248.7(3) 100 14(2) 21(3) (4+)
1239.9(10) (3+) 1009.1(7) 29(10) 9(3) 14(4) (4+)
1169.9(3) 71(18) 21(4) 34(7) (2+)
1318.9(11) (4+) 78(1)∗ 7(2)† 21(5)† 41(12)† (3+)
1088.1(3) 37(9) 19(4) 30(6) (4+)
1249.2(3) 22(7) 11(3) 18(5) (2+)
1350.1(11) (4+) 1119.3(3) 74(36) 5(2) 8(3) (4+)
1280.1(2) 26(14) 2(1) 3(1) (2+)
1418.3(11) (5+) 99.8(3) 52(9) 45(7) 24(3) (4+)
178.3(2) 11(2) 9(2) 11(2) (3+)
938.6(4) 11(3) 9(3) 15(4) (6+)
1187.5(3) 26(6) 22(5) 36(7) (4+)
1455.1(11) (5+) 37∗∗ 38(21)† 19(9)† 7(4)† (5+)
137(1)∗ 11(7)† 6(5)† 5(3)† (4+)
105.0(3) 38(13) 20(4) 12(2) (4+)
1224.3(3) 12(6) 6(2) 10(4) (4+)
1601.4(11) (6−) 146.3(2) 41(4) 46(5) 66(5) (5+)
183.1(2) 59(5) 66(6) 100(11) (5+)
5.1.11 167Tb, 168Tb, and 169Tb results
Energy spectra were produced for the three Tb isotopes in the PID: 167Tb (Fig. 5.32), 168Tb
(Fig. 5.33), and 169Tb (Fig. 5.34). The number of implanted Tb isotopes is low (table 5.1), however,
there are defined peaks in 167Tb and 168Tb, and suggested peaks in 169Tb. The 75 keV X-rays from the
lead shields on the LaBr3 detectors can be seen in Fig. 5.32 and Fig. 5.33. Prior to this work the only
other information known on these isotopes was the β-decay half-lives of 167Tb and 168Tb, measured
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at 19.4(27) and 8.2(13) s respectively [109]. 169Tb was previously identified at GSI by J. Kurcewicz
et al. with a minimum half-life assigned as 160 ns: long enough to survive the flight through the FRS
[6].
There is a γ-ray peak in 167Tb at 147.6(5) keV and suggested peaks at 86(1), 117(1), 203(1), and
377(1) keV. There is a defined γ-ray peak in 168Tb at 113.8(5) keV with possible peaks at 98(1) and
130(1) keV. The 169Tb isotope has suggested peaks at 61(1), 80(1), and 256(1) keV. These γ rays
should originate from isomeric states in the nuclei. However, the statistics are too low for further
analysis. Blocked BCS calculations were performed in Sec. 6.10 to predict possible configurations of
the isomeric and ground states.
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Figure 5.32: Spectrum of γ rays from 167Tb, emitted within 1.8 µs after an ion’s arrival.
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Figure 5.33: Spectrum of γ rays from 168Tb, emitted within 1.8 µs after an ion’s arrival.
Energy (keV)
50 100 150 200 250 300
Co
un
ts
0
1
2
3
4
5
61
25
6
80
Figure 5.34: Spectrum of γ rays from 169Tb, emitted within 1.8 µs after an ion’s arrival. Possible γ
ray peaks are labelled.
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5.2 Beta-gamma spectroscopy
The energy-time matrices for the β decay data all contain a double prompt flash structure as
shown in Fig. 5.35. The exact cause of this is unknown to date. It is possibly due to the detection
of a second β particle in the trigger window. Further work on the analysis of this data is needed.
The energy-time matrix in Fig. 5.35 is ungated: it contains the germanium energy-time data for all
isotopes implanted during the experiment.
Figure 5.35: Energy-time matrix of all β-delayed γ rays showing the double prompt flash structure.
5.2.1 β decay results from 160Pm to 160Sm
The β decay half-life of 160Pm is unknown. The β decay half-life of isotope 158Pm is 4.8 s and the
isotone 162Eu has a half-life of 10.6 s. Therefore it is reasonable to expect a β decay half-life of 160Pm
in the order of a few seconds. The β decay analysis is not completed and so the β decay half-life has
not yet been measured from this experimental data. However, a γ-ray energy spectrum of 160Pm does
reveal β-delayed γ rays of 160Sm, shown in Fig. 5.36. A PID gate was made on 160Pm in the β decay
PID. An energy-time matrix revealed the prompt flash to be narrow and so the the time gate applied
to the spectra was t ≥ 200 ns in Fig. 5.36, Fig. 5.39, and Fig. 5.41, for β-delayed γ-ray spectroscopy.
The 162 and 1128 keV γ rays labelled in Fig. 5.36 are also seen in the isomeric setting of the
experiment (Fig. 5.7). No transitions can be seen in Fig. 5.36 that are above the (5−) state in
Fig. 5.10, so it is probable that only the (5−) 2-qp isomeric state in 160Sm is populated by β decay.
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This is the first time 160Sm has been populated via β decay.
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Figure 5.36: β-delayed energy spectrum of 160Sm with t ≥ 200 ns. Labelled peaks belong to the 160Sm
isomer, also seen in Fig. 5.14. The 511 keV peak from annihilation photons and a 788 keV γ ray from
the lanthanum self-activity are also visible.
A gate was made around the prompt flash in the energy-time matrix of 160Sm to check for prompt
γ rays following β decay. Only the first (bottom in Fig. 5.35) prompt flash was gated on, as the second
is more likely to contain the β-delayed γ rays from the isomeric state. The prompt energy spectrum
is shown in Fig. 5.37. The 107 and 250 keV γ rays are visible in Fig. 5.37 in addition to the 162 and
1128 keV γ rays seen in the β-delayed spectrum. The 250 keV γ ray is from the 6+ → 4+ transition
in the ground state band, however, the 1128 keV γ ray populates the 4+ state in the ground state
band. In addition to the known γ rays of 160Sm, and the general background γ rays there is a γ ray
of 824 keV energy in Fig. 5.37. The origin of this peak is unknown. It does not appear in the 160Pm
gate in the isomeric setting of the experiment, or in the β delayed spectrum.
In the level scheme of 160Sm in Fig. 5.10, the 6+ state is populated by the 878 keV γ ray. The
878 keV γ ray is not observed in either Fig. 5.36 or Fig. 5.37, therefore the 6+ state in the ground state
band must be directly populated by β decay. The 6+ 2-qp level must also be populated directly from
β decay as the 107 keV transition is visible, but not the γ rays depopulating the 4-qp isomeric state.
The level scheme of 160Sm populated by β decay of 160Pm is shown in Fig. 5.38. The assignment
of Kpi = 6− to the ground state of 160Pm is supported by blocked BCS calculations presented in
table 6.18.
85
Energy (keV)
200 400 600 800 1000
Co
un
ts
0
10
20
30
40
50
11
27
.
5
25
0.
2
16
1.
9
10
7.
7
(82
3.2
)
Sm
 X
-ra
ys
Figure 5.37: Energy spectrum of prompt γ rays in 160Sm.
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Figure 5.38: Level scheme of 160Sm populated by the β decay of 160Pm.
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5.2.2 β decay results from 161Pm to 161Sm
The preliminary results from the β decay of 161Pm also reveal one β-delayed γ ray of its daughter
nucleus 161Sm, shown in Fig. 5.39. A 242 keV γ ray is observed in addition to the background radiation.
The 242 keV γ ray has been observed in the isomeric setting (Fig. 5.11) but it could not be placed in
the level scheme. The presence of this γ ray suggests that another isomeric state in 161Sm exists in
addition to the isomer with a partially constructed level scheme in Fig. 5.12, particularly as the strong
262 keV γ ray from Fig. 5.11 is not visible in Fig. 5.39. This γ ray does not appear in the 161Pm gate
in the isomeric setting of the experiment.
The γ rays of 161Sm observed in the prompt flash gate are shown in Fig. 5.40. The 242 keV γ ray
is still visible as in the β-delayed spectrum. A γ ray of 104 keV is now also visible. It is possible that
this γ ray belongs to a ground state band in 161Sm. This is the first time 161Sm has been populated
via β decay.
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Figure 5.39: β-delayed energy spectrum of 161Sm with t ≥ 200 ns. The labelled peaks are possibly
from the 161Sm isomer. The 511 and 788 keV background peaks are also visible.
87
Figure 5.40: Energy spectrum of prompt γ rays in 161Sm.
5.2.3 β decay results from 162Pm to 162Sm
A PID gate was made on 162Pm in the β decay PID. The energy spectrum in Fig. 5.41 was made
using the PID gate with a time condition, t ≥ 200 ns. There are two γ rays visible in the energy
spectrum at 164 and 775 keV in addition to the background peaks. These are from the isomeric decay
of 162Sm, shown in Fig. 5.14. This is the first time 162Sm has been populated via β decay.
A gate was also made on the prompt flash in the energy-time matrix of 162Sm, the results of which
can be seen in Fig. 5.42. The 775 keV γ ray is no longer visible, therefore the 4+ ground state must
be populated directly in β decay. There is also a weak peak at 257 keV, which could be from the
6+ → 4+ transition. This γ-ray energy is close to the energies of the 6+ → 4+ transitions in 160Sm
and 164Sm. An assignment of 257 keV to the E(6+ → 4+) transition also fits with the systematics of
the 160Sm, 162Sm, and 164Sm E(4+ → 2+) values (162-165-156 keV compared to 250-257-242 keV).
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Figure 5.41: β-delayed energy spectrum of 162Sm with t ≥ 200 ns. The labelled γ rays are from the
isomeric decay of 162Sm, also seen in Fig. 5.14. The 511 and 788 keV background peaks are also
visible.
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Figure 5.42: Energy spectrum of prompt γ rays in 162Sm.
The level scheme of 162Sm is shown in Fig. 5.43. The spin-parity of the ground state in the parent
nucleus, 162Pm, is assigned (6−) due to the decay to the (6+) ground band state, similar to 160Sm.
However, the (6−) state in 162Pm is strongly forbidden to decay into the (4−) isomeric state in 162Sm
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due to the ∆J = 2 and parity change required. Therefore it is likely that the 162Pm ground state
decays into a level on top of the isomeric state. A 146 keV γ ray is visible in a 164 keV coincidence
spectrum (with background subtraction), shown in Fig. 5.44. This γ-ray is tentatively placed as a
transition from a (5−) state to the isomeric (4−) state in Fig. 5.43. The assignment of Kpi = 6− to
the ground state of 162Pm is supported by blocked BCS calculations presented in table 6.18.
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Figure 5.43: Level scheme of 162Sm populated by the β decay of 162Pm.
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Figure 5.44: γ-ray spectrum gated on the 164 keV γ ray. A 146 keV γ ray is visible in addition to the
257 and 775 keV γ rays.
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Chapter 6
Discussion
6.1 Discussion on 159Sm
Blocked BCS calculations were performed in this work, with the use of blocked BSC code developed
by K. Jain et al [48], to further understand the level scheme of 159Sm. The pairing strengths were fixed
as Gpi = 21.00 A·MeV and Gν = 20.00 A·MeV, in accordance with Jain et al [48]. The deformation
parameters were taken from P. Mo¨ller et al. [46]: 2 = 0.267 and 4 = −0.033. The results can
be seen in table 6.1. The energies predicted by the blocked BCS calculations vary with the input
pairing strengths. These are usually chosen to recreate the energies of known quasiparticle states in
neighbouring nuclei. The pairing strengths used in this work were chosen for the mass 180 region,
therefore they are presented here as a guide for approximate level energies. The average uncertainty
on the energies is ∼ 200 keV, however the uncertainty can be as much as 400 keV [39]. 200 keV
has been added to the energies of unfavoured configurations in table 6.1 and all subsequent tables
containing blocked BCS calculation outputs. Configurations may be unfavoured according to the
spin-spin coupling rule: like particles (protons and neutrons) with the same spin orientation are
unfavoured as are unlike particles with opposite spin orientations [47].
The 1-qp (32
−
), (52
+
), and (72
+
) states predicted by blocked BCS calculations for 159Sm are much
higher in energy than the 1-qp (52
−
) state. Therefore it is likely that the ground state of 159Sm has a
ν 52
−
[523] configuration. The (152
+
) 3-qp state is also much lower in energy than the other calculated
3-qp states, and supports the assignment of a (152
+
) spin-parity to the isomeric state in Fig. 6.1. The
calculations predict that the most likely configuration for the isomeric state is ν 52
−
[523]⊗ pi 52
−
[532]⊗
pi 52
+
[413]. The energy of the isomeric state (1276(1) keV) is within 250 keV of the calculated energy
(1040 keV) which is reasonable, as the error in the calculated values is ∼ 200 keV [48]. Urban et al.
previously assigned the isomeric state to an 112
−
intruder state. However, due to a lack of transitions
from the isomeric state to the (132
−
) and (92
−
) levels in the rotational band, and with evidence from
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blocked BCS calculations, the isomeric state is assigned a (152
+
) spin-parity.
Table 6.1: Low-lying quasiparticle states in 159Sm predicted by blocked BCS calculations. 200 keV has
been added to the energies of those marked with ∗ as they have energetically unfavoured configurations
according to the residual spin-spin coupling rule.
Kpi configuration Ex (MeV) E
exp
x (MeV)
1-qp states
5
2
−
ν 5
2
−
[523] 0
3
2
−
ν 3
2
−
[521] 0.490
5
2
+
ν 5
2
+
[642] 0.518
7
2
+
ν 7
2
+
[633] 0.589
11
2
−
ν 11
2
−
[505] 1.255
3-qp states
15
2
+
ν 5
2
−
[523]⊗ pi 5
2
−
[532]⊗ pi 5
2
+
[413] 1.040 1.276(1)
13
2
+
ν 3
2
−
[521]⊗ pi 5
2
−
[532]⊗ pi 5
2
+
[413] 1.530
15
2
−
ν 5
2
+
[642]⊗ pi 5
2
−
[532]⊗ pi 5
2
+
[413] 1.559
13
2
+
ν 5
2
−
[523]⊗ pi 5
2
−
[532]⊗ pi 3
2
+
[411] 1.572∗
15
2
+
ν 5
2
−
[523]⊗ ν 3
2
−
[521]⊗ ν 7
2
+
[633] 1.581
17
2
−
ν 7
2
+
[633]⊗ pi 5
2
−
[532]⊗ pi 5
2
+
[413] 1.630
870
243
1635/2
(9/2 )
(13/2 )
(15/2 )1276
t1/2=50(17)ns
Figure 6.1: Partial level scheme of 159Sm in this work reproduced from Fig. 5.6. The isomeric state is
assigned a (152
+
) spin-parity.
The reduced hindrance for the E1 transition of 870 keV with ν = 4 in 159Sm was calculated to
be 110(9). It is common for the hindrance of E1 transitions to be reduced by a factor of 104 before
calculating the reduced hindrance to allow for the hindered nature of E1 transitions [41, 110, 111,
112] relative to the Weisskopf estimates [113]. This enables direct comparison between the reduced
hindrance of E1 and other multipole transitions. The reduced hindrance of the E1 transition in 159Sm
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then becomes 11(1). This value is similar to the reduced hindrances of other E1 isomeric transitions
in this work (summarised in table B.1). All hindrance values for E1 transitions in this work have been
reduced by a 104 factor for calculating fν . Where given, the hindrance factors are presented without
the 104 reduction factor. The hindrance factor, Fω = 1.48(50) × 108 and the transition strength,
B(E1), (1/Fω = 6.77(2.30)× 10−9 W.u. of the 870 keV transition in 159Sm are in agreement with the
experimental data trends presented by K. E. G. Lo¨bner [113].
6.2 Discussion on 160Sm
6.2.1 Blocked BCS calculations
To further understand the level scheme of 160Sm in Fig. 6.2 blocked BCS calculations [48] were per-
formed in this work. The pairing strengths were fixed as Gpi = 21.00 A·MeV and Gν = 20.00 A·MeV,
in accordance with Jain et al. [48]. The Nilsson energies were then calculated for a set of deformation
parameters; 2 = 0.267 and 4 = −0.027, taken from Mo¨ller et al. [46]. The results can be seen in
table 6.2.
Table 6.2: Low-lying quasiparticle states in 160Sm predicted by blocked BCS calculations (marked
with a B) and potential energy surface calculations (marked with a P). The potential energy surface
calculations have only been performed for the lowest energy states. 200 keV has been added to the
energies of those marked with ∗ as they have energetically unfavoured configurations according to the
residual spin-spin coupling rule.
Kpi configuration EBx (MeV) E
P
x (MeV) E
exp
x (MeV)
ν two-qp
6− ν 5
2
−
[523]⊗ ν 7
2
+
[633] 1.401 1.727 1.468(1)
3+ ν 5
2
−
[523]⊗ ν 1
2
−
[521] 1.674∗
5+ ν 5
2
−
[523]⊗ ν 5
2
−
[512] 1.953
3− ν 1
2
−
[521]⊗ ν 5
2
+
[642] 2.115
pi two-qp
5− pi 5
2
−
[532]⊗ pi 5
2
+
[413] 1.032 1.457 1.361(1)
4− pi 5
2
−
[532]⊗ pi 3
2
−
[411] 1.569∗
4+ pi 5
2
+
[413]⊗ pi 3
2
−
[411] 1.631
4− pi 5
2
+
[413]⊗ pi 3
2
−
[541] 2.107
four-qp
11+ ν 5
2
−
[523]⊗ ν 7
2
+
[633], 2.433 3.214 2.757(1)
pi 5
2
−
[532]⊗ pi 5
2
+
[413]
8− ν 5
2
−
[523]⊗ ν 1
2
−
[521], 2.706∗
pi 5
2
−
[532]⊗ pi 5
2
+
[413]
10+ ν 5
2
−
[523]⊗ ν 7
2
+
[633], 2.970∗
pi 5
2
−
[532]⊗ pi 3
2
−
[411]
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These calculations show that a 6− neutron state with a ν 52
−
[523] ⊗ ν 72
+
[633] configuration and
a 5− proton state with a pi 52
−
[532] ⊗ pi 52
+
[413] configuration are the lowest energy two-qp states.
The combination of these states forms an 11+ four-qp state. The two-qp state depopulated by the
878 and 1128 keV transitions was previously tentatively assigned as a (5−) state arising from a two-
neutron ν 52
+
[642] ⊗ ν 52
−
[523] configuration [96]. However, the blocked BCS calculations show that a
5− two-proton configuration is preferred as the lowest energy state.
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Figure 6.2: Reproduced level scheme of 160Sm from Fig. 5.10. All γ rays above the 5− two-qp state
are observed for the first time in this work [97]. The four-qp isomeric state is assigned an (11+)
spin-parity.
6.2.2 PES calculations
It has been noted in this mass region that β6 deformation can be significant [46] and can have a
measurable effect on the structure of the nucleus [49]. In order to quantify this effect potential energy
surface calculations were performed by Hongliang Liu from Xi’an Jiaotong University on 160Sm and
its neighbouring nuclei (see Figs. 6.3 and 6.4). The total energy of the configurations was minimised
in (β2, β4) deformation space and (β2, β4, β6) deformation space. For more details see Refs. [50, 114]
and Sec. 2.10. The inclusion of β6 has the greatest effect on the 6
− 2-neutron state in 160Sm, where
the energy is reduced by 100 keV. Conversely, the energy of the 5− 2-proton state increases by 50 keV
with the inclusion of β6. Consequently, β6 plays a role in moving the 6
− and 5− bandheads closer
together in energy, enabling the 6− state to compete with the 5− state.
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Figure 6.3: The energies of two-quasineutron states from PES calculations of N=98, 100, 102, and
104 isotones in Ce, Nd, Sm, Gd, Dy, Er, Yb, Hf, and W nuclei. The β6 deformation causes a decrease
in energy at Z = 62 in the N = 98 isotones, (d).
95
cal. without β
6
cal. with β
696 100 104 108N
1.20
1.40
1.60
1.80
E x
(M
eV
)
cal. wi β
6
cal. with β
6exp.
5-(ν5/2[642], ν5/2[523])
Z=62
5-(π5/2[532], π5/2[413])
thout
Figure 6.4: The energies of two-quasineutron and two-quasiproton states from PES calculations for
Z = 62. The inclusion of β6 deformation increases the energies of the two-quasiproton states across
Z = 96− 104.
6.2.3 Bandhead assignment: g factors
The theoretical and experimental intrinsic g factors (gK) have been calculated and extracted
for the two possible isomeric bandhead configurations in 160Sm. A comparison of the theoretical
and experimental intrinsic g factors can indicate whether a band structure is built on a proton or
a neutron bandhead. Blocked BCS calculations performed in this work for 160Sm have revealed
a ν 52
−
[523] ⊗ ν 72
+
[633] configuration is lowest in energy for neutrons and a pi 52
−
[532] ⊗ pi 52
+
[413]
configuration is lowest in energy for protons. The expected gK for these configurations is 0 and 1
respectively, calculated from Eq. 2.21. The experimental values for gK are found using Eq. 2.22 and
Eq. 2.23; the results of which are shown in table 6.3. The intrinsic quadrupole moment, Q0 used in
Eq. 2.23 is 7 e·b, calculated from the measured nuclear quadrupole moment for the first excited 2+
state:
Qs =
3K2 − I(I + 1)
(I + 1)(2I + 3)
Q0 (6.1)
where Qs = −2 e·b from [115] and K = 0 and I = 2 for the first excited 2+ state.
The gK values show that the bandhead, regardless of K
pi, must be comprised of a two-neutron
state, as they are consistent with the theoretical value of gK = 0, but not with gK = 1.
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Table 6.3: Experimental gK values for various transitions in
160Sm, considering K = 5 and K = 6
bandheads. Two values exist due to the modulus |gK−gR|. Theoretical values are gK = 0 for neutrons
and gK = 1 for protons.
Kpi Jpii E1 and E2 (keV) g
exp
K
5− 11− 209 and 399 -0.11(27), 0.71(26)
5− 10− 190 and 362 -0.12(14), 0.72(14)
5− 9− 171 and 324 -0.10(16), 0.70(16)
5− 8− 152 and 286 -0.24(23), 0.84(23)
5− weighted average -0.13(16), 0.73(16)
6− 11− 209 and 399 0.00(20), 0.60(20)
6− 10− 190 and 362 0.00(10), 0.61(10)
6− 9− 171 and 324 0.03(11), 0.57(11)
6− 8− 152 and 286 -0.13(37), 0.73(37)
6− weighted average -0.01(16), 0.61(16)
The assignment of a (6−) neutron bandhead for the main band structure, rather then a (5−)
neutron bandhead is made on the basis of a lack of observation of a transition from the 7− state to
the 5− in Fig. 5.10, which would have an energy of 240 keV. The expected γ-ray intensity of this
transition was calculated using the g-factor formula in Eq. 2.23, rearranged for Iγ and found to be
570(70) counts (assuming E2 multipolarity). This transition, if present, would be easily observable in
the γ-ray energy spectrum, with Iγ(rel.) = 12(2), comparable to the 286 keV peak (Iγ(rel.) = 12(3)).
As this peak is not observed, the bandhead is assigned to the (6−) state rather then the (5−) state.
6.2.4 Reduced hindrance
The reduced hindrance of a transition removes the dependence of the half-life on energy and the
multipole order, λ, of the transition. Therefore we would expect similar reduced hindrance values for
isomers around 160Sm. However, a systematic study of E1 transitions reveals an fν dependence on
E−ER, similar to that known for E2 transitions [37], where E is the energy of the isomeric state and
ER is the rigid rotor energy for the same angular momentum. The rigid rotor energy of
160Sm was
calculated to be 927 keV, using a moment of inertia of 71~2 MeV−1, found by scaling with A5/3 using
85~2 MeV−1 for 178Hf [37]. For the (11+) isomer this gives E − ER=1.83 MeV. For odd-even nuclei
a pairing energy of 0.9 MeV is added to the E − ER values [36]. This value is an average value from
pair gap systematics, where odd-A nuclei are less bound than even-A nuclei [12, 14].
The reduced hindrances of the 432 and 641 keV transitions, and the 878 and 1128 keV transitions
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were calculated. All four E1 transitions have very similar reduced hindrance values of 21(1), 22(1),
21(2) and 18(2) for the 432, 641, 878, and 1128 keV transitions respectively. Following common
practice [41, 110, 111, 112], Fω has been divided by 10
4 to allow for the hindered nature of E1
transitions relative to the Weisskopf estimates [113]. The Fω values are 2.61(58)× 109, 2.83(63)× 109,
1.82(70)× 109, and 9.6(3.7)× 108 for the 432, 641, 878, and 1128 keV transitions. The B(E1) values
are 3.83(85) × 10−10 W.u., 3.53(79) × 10−10 W.u., 5.51(21) × 10−10 W.u., and 1.04(40) × 10−9 W.u.
respectively and are all in agreement with the trends presented by Lo¨bner [113].
A plot of fν versus E−ER can be seen in Fig. 6.5 for E1 transitions with ν≥4. Isomers with ν< 4
are less forbidden and therefore excluded. The data are summarised in table 6.4. The solid line in
the plot is taken from statistical calculations of fν from E2 transitions depopulating isomeric states
in nuclei in the same mass region. It represents the level density estimate for ∆K = 6 transitions,
normalised for the (14−) isomer in 178Hf [37]. The statistical fν for the trendline in the plot is
calculated by:
fν = Fν exp
[
− 3
ν
√
pi2
6
g0∆E
]
(6.2)
where pi
2
6 g0 =
A
7.5MeV
−1. Fν is a constant for a given value of ν. In this work the value Fν = 2242.5
is used, found from the (14−) isomer in 178Hf by:
Fν =
32.7
exp
[
− 34
√
178
7.5 × 1.339
] = 2242.5 (6.3)
where 32.7 is the experimental fν of the E2 transition depopulating the (14
−) isomer with ν = 4 and
∆E = 1.339 MeV [37]. The data points for the trendline can be seen in table B.2.
The data from E1 transitions, including the new data point from the four-qp isomer in 160Sm,
agree well with this trend. This relationship is evidence that reduced hindrance is sensitive to the
excitation energy of the four-qp isomeric state. The relationship between reduced hindrance and
excitation energy could be due to greater K mixing at higher excitation energies: the density of states
increases with excitation energy which statistically leads to more states with the same spin and parity
to mix with [37]. To further test this relationship, data on lighter deformed isomers in this mass region
with four-qp states are required.
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Figure 6.5: Reduced hindrance, fν , of E1 transitions versus the difference between excitation energy
of the isomeric state and the rigid rotor energy. Data points taken from Refs. [40, 41, 110, 111, 112,
116, 117, 118] and the current work. A pairing energy of 0.9 MeV has been added to E−ER of odd-A
nuclei [36].
Table 6.4: Data summary of four-qp and higher-order-qp isomers with E1 transitions used in Fig. 6.5.
The energies of those marked with ∗ have 0.9 MeV added to account for pairing energy [36].
Nucleus Kpi t1/2 Eγ (keV) E (MeV) E − ER
(MeV)
ν fν
160Sm (11+) 1.8(4) µs 641 2.78 1.83 4 22
160Sm (11+) 1.8(4) µs 432 2.78 1.83 4 21
164Er [41] 12+ 68(2) ns 555 3.38 2.33 4 9.4
173Tm [112] 35/2− 121(28) ns 655 4.05 2.95∗ 6 8.3
174Yb
[117, 116]
14+ 55(4) ns 786 3.70 2.42 6 9.9
174Hf [111] 14+ 3.7 µs 379 3.31 2.03 5 15
174Hf [111] 14+ 3.7 µs 155 3.31 2.03 7 8.9
175Hf [111] 45/2+ 2 µs 291 4.64 2.34∗ 4 19
182Hf [110] (13+) 40(10) µs 264 2.57 1.54 4 24
179W [40] 35/2− 750(80) ns 625 3.35 2.36∗ 12 4.1
183Os [118] 43/2− 27(3) ns 351 5.07 3.25∗ 4 4.9
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6.2.5 Rotational alignment
The rotational alignment of a rotational sequence is configuration dependent. Therefore, the
rotational alignment of the nucleons of the 4-qp isomeric state in 160Sm was compared to the alignment
in 158Sm, in an attempt to find further evidence that the rotational band sequence observed is built on
the Kpi = (6−) state instead of the Kpi = (5−) state. The net rotational alignment is shown in Fig. 6.6
for ∆I = 2 ground state band transitions and ∆I = 1 rotational band transitions for an increased
number of data points. The Harris parameters used for 158Sm and 160Sm are J(0) = 37~2 MeV−1 and
J(2) = 42~2 MeV−1, taken from Swan’s analysis of 162Dy [119].
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Figure 6.6: Net rotational alignment plot for 160Sm and 158Sm.
The alignment as a function of ~ω of both possible rotational bands to the ground state band in
160Sm is very similar to the alignment as a function of ~ω of the rotational band to the ground state
band in 158Sm. The Kpi = (6−) and Kpi = (5−) bands have very similar alignment to the ground
state band in 160Sm, although the alignment of the Kpi = (5−) band is slightly closer. Due to their
proximity to each other, no firm conclusions can be drawn.
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6.3 Discussion on 161Sm
Blocked BCS calculations [48] were performed in this work to understand the partial level scheme
(in Fig. 6.7) and the ground state of 161Sm. The pairing strengths were fixed as Gpi = 21.00 A·MeV
and Gν = 20.00 A·MeV, in accordance with Jain et al [48]. The deformation parameters were taken
from Mo¨ller et al. [46]: 2 = 0.275 and 4 = −0.013. The results can be seen in table 6.5.
Table 6.5: Low-lying quasiparticle states in 161Sm predicted by blocked BCS calculations. 200 keV has
been added to the energies of those marked with ∗ as they have energetically unfavoured configurations
according to the residual spin-spin coupling rule.
Kpi configuration Ex (MeV)
1-qp states
7
2
+
ν 7
2
+
[633] 0
1
2
−
ν 1
2
−
[521] 0.062
5
2
−
ν 5
2
−
[523] 0.351
5
2
−
ν 5
2
−
[512] 0.502
3-qp states
17
2
−
ν 7
2
+ [633]⊗ pi 5
2
−
[532]⊗ pi 5
2
+
[413] 1.014
11
2
+
ν 1
2
−
[521]⊗ pi 5
2
−
[532]⊗ pi 5
2
+
[413] 1.075
13
2
+
ν 5
2
−
[523]⊗ ν 1
2
−
[521]⊗ ν 7
2
+
[633] 1.365
15
2
+
ν 5
2
−
[512]⊗ pi 5
2
−
[532]⊗ pi 5
2
+
[413] 1.516
15
2
−
ν 7
2
+
[633]⊗ pi 5
2
−
[532]⊗ pi 3
2
+
[411] 1.560∗
15
2
+
ν 5
2
−
[523]⊗ pi 5
2
−
[532]⊗ pi 3
2
+
[411] 1.564∗
17
2
+
ν 5
2
−
[523]⊗ ν 5
2
−
[512]⊗ ν 7
2
+
[633] 1.705
19
2
+
ν 11
2
−
[505]⊗ ν 1
2
−
[521]⊗ ν 7
2
+
[633] 2.161
The ν 72
+
[733] and ν 12
−
[521] 1-qp configurations are very close in energy at 0 and 62 keV. Therefore
it is not clear which one is responsible for the ground state in the level scheme in Fig. 5.12, or if both
states are present. There are also many 3-qp configurations close in energy. From the number of high
energy γ rays in Fig. 5.11 it is also likely that there are multiple 3-qp isomeric states, however, no
firm assignments can be made without angular correlations.
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Figure 6.7: Partial level scheme of 161Sm obtained in this work, reproduced from Fig. 5.12.
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6.4 Discussion on 162Sm
To further strengthen the spin-parity assignments in the 162Sm level scheme (shown in Fig. 6.8,
blocked BCS calculations [48] were performed in this work. The pairing strengths were fixed as
Gpi = 21.00 A·MeV and Gν = 20.00 A·MeV, in accordance with Jain et al. [48]. The Nilsson energies
were calculated for a set of deformation parameters; 2 = 0.275 and 4 = −0.007, taken from Mo¨ller
et al. [46]. The results can be seen in table 6.6.
Table 6.6: Low-lying quasiparticle states in 162Sm predicted by blocked BCS calculations The calcula-
tions have only been performed for the lowest energy states. 200 keV has been added to the energies
of those marked with ∗ as they have energetically unfavoured configurations according to the residual
spin-spin coupling rule.
Kpi configuration Ex (MeV) E
exp
x (MeV)
ν two-qp
4− ν 1
2
−
[521]⊗ ν 7
2
+
[633] 1.043 1.011(1)
6− ν 7
2
+
[633]⊗ ν 5
2
−
[512] 1.797∗
6− ν 7
2
+
[633]⊗ ν 5
2
−
[523] 1.940
7− ν 7
2
+
[633]⊗ ν 7
2
−
[514] 2.340
pi two-qp
5− pi 5
2
−
[532]⊗ pi 5
2
+
[413] 1.000
4− pi 5
2
−
[532]⊗ pi 3
2
+
[411] 1.547∗
four-qp
9+ ν 1
2
−
[521]⊗ ν 7
2
+
[633], 2.043
pi 5
2
−
[532]⊗ pi 5
2
+
[413]
8+ ν 7
2
+
[633]⊗ ν 1
2
−
[521], 2.390
pi 5
2
−
[532]⊗ pi 5
2
+
[413]
11+ ν 5
2
−
[523]⊗ ν 7
2
+
[633], 2.940
pi 5
2
−
[532]⊗ pi 5
2
+
[413]
The lowest energy configuration given by the calculations is a 5− 2-proton configuration, pi 52
−
[532]⊗
pi 52
+
[413]. However, it is likely that the 6+ state in the rotational band would be populated if the
isomeric state has a 5− spin-parity. This 6+ state is not populated, therefore the assignment of 5−
spin-parity to the isomeric state is eliminated. The next lowest energy configuration is a 2-neutron
ν 12
−
[521] ⊗ ν 72
+
[633] which gives a spin-parity of 4−, in agreement with the assignment in Fig. 5.15.
The energies of the measured and calculated values are only 32 keV apart.
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Figure 6.8: Level scheme of 162Sm obtained in this work, reproduced from Fig. 5.15. The (4−) isomeric
state is due to a two-neutron quasiparticle state in 162Sm.
The 162Sm (4−) isomer decays via a 775 keV E1 transition to the rotational band (ν = 3) with a
reduced hindrance of fν = 71(3) (where Fω is reduced by 10
4), similar to other fν values found in this
work. The hindrance, Fω = 3.54(45)× 109 and transition strength, B(E1) = 9.91(1.52)× 10−11 W.u.
are in agreement with the trends presented by K. E. G. Lo¨bner [113].
6.5 Discussion on 163Sm
To investigate the possible spin-parity assignments of the ground and potentially isomeric states in
163Sm, blocked BCS calculations [48] were performed in this work using the deformation parameters
2 = 0.275 and 4 = 0.000. The results shown in table 6.7 predict two likely ground state bands only
48 keV apart, and many possible 3-qp states. Therefore, the expected spin-parity assignments for the
isomer in 163Sm are unclear.
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Table 6.7: Low-lying quasiparticle states in 163Sm predicted by blocked BCS calculations.
Kpi configuration Ex (MeV)
1-qp states
1
2
−
ν 1
2
−
[521] 0
7
2
+
ν 7
2
+
[633] 0.048
5
2
−
ν 5
2
−
[512] 0.161
5
2
−
ν 5
2
−
[523] 0.786
3-qp states
13
2
+
ν 1
2
−
[521]⊗ ν 7
2
+
[633]⊗ ν 5
2
−
[512] 0.808
11
2
+
ν 1
2
−
[521]⊗ pi 5
2
−
[532]⊗ pi 5
2
+
[413] 1.019
17
2
−
ν 7
2
+
[633]⊗ pi 5
2
−
[532]⊗ pi 5
2
+
[413] 1.067
15
2
+
ν 5
2
−
[512]⊗ pi 5
2
−
[532]⊗ pi 5
2
+
[413] 1.180
17
2
+
ν 7
2
−
[514]⊗ pi 5
2
−
[532]⊗ pi 5
2
+
[413] 1.796
15
2
+
ν 1
2
−
[521]⊗ ν 7
2
+
[633]⊗ ν 9
2
−
[624] 1.628
6.6 Discussion on 163Eu
Blocked BCS calculations [48] were performed in this work to understand the level scheme of
163Eu in Fig. 6.9. The pairing strengths were fixed as Gpi = 21.00 A·MeV and Gν = 20.00 A·MeV,
in accordance with Jain et al [48]. The deformation parameters were taken from Mo¨ller et al. [46]:
2 = 0.275 and 4 = 0.000. The results can be seen in table 6.1.
The blocked BCS calculations reveal three low-energy 1-qp states: (52
+
) at 0 keV, (52
−
) at 73 keV,
and (32
+
) at 134 keV. 163Eu is an odd-proton, even-neutron isotope like 157Eu and 159Eu. The spin-
parity of 157Eu [120] and 159Eu [120, 121] are both assigned 52
+
spin-parities from the pi 52
+
[413]
configuration, therefore it is likely the configuration of the 163Eu ground state is the same. The
isomeric state in Fig. 5.20 is assigned a (132
−
) spin-parity. From the calculations this could originate
from a pi 52
+
[413]⊗pi 52
−
[532]⊗pi 32
+
[411] configuration or a ν 72
+
[633]⊗ν 12
−
[521]⊗pi 52
+
[413] configuration,
as they both have Kpi = 13/2− and the energies are only 20 keV apart. There is also a ∼ 200 keV
uncertainty on the calculated energy [39]. They are both very close in energy to the measured (132
−
)
level energy of 964 keV.
104
Table 6.8: Low-lying quasiparticle states in 163Eu predicted by blocked BCS calculations. 200 keV has
been added to the energies of those marked with ∗ as they have energetically unfavoured configurations
according to the residual spin-spin coupling rule.
Kpi configuration Ex (MeV) E
exp
x (MeV)
1-qp states
5
2
+
pi 5
2
+
[413] 0
5
2
−
pi 5
2
−
[532] 0.073
3
2
+
pi 3
2
+
[411] 0.134
7
2
−
pi 7
2
−
[523] 0.726
3-qp states
13
2
−
pi 5
2
+
[413]⊗ pi 5
2
−
[532]⊗ pi 3
2
+
[411] 0.802 0.964(1)
13
2
−
ν 7
2
+
[633]⊗ ν 1
2
−
[521]⊗ pi 5
2
+
[413] 1.048
13
2
+
ν 7
2
+
[633]⊗ ν 1
2
−
[521]⊗ pi 5
2
−
[532] 1.120
11
2
−
ν 7
2
+
[633]⊗ ν 1
2
−
[521]⊗ pi 3
2
+
[411] 1.182
17
2
+
pi 5
2
+
[413]⊗ pi 5
2
−
[532]⊗ pi 7
2
−
[523] 1.555
17
2
+
ν 7
2
+
[633]⊗ ν 5
2
−
[512]⊗ pi 5
2
−
[532] 1.770∗
17
2
−
ν 7
2
+
[633]⊗ ν 5
2
−
[512]⊗ pi 5
2
+
[413] 1.797∗
The reduced hindrances of the E1 transitions in 163Eu are 79(1) and 55(1) for the 536.5 and
675 keV transitions respectively, both with ν = 3. These are similar to the reduced hindrances of
other E1 isomeric transitions in this work. The hindrance factors and transition strengths, Fω =
4.90(20)× 109 and B(E1) = 2.04(8)× 10−10 W.u. for the 536.5 keV transition, and Fω = 1.64(6)× 109
and B(E1) = 6.09(25)×10−10 W.u. for the 675 keV transition are in agreement with the experimental
data trends presented by Lo¨bner [113].
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t1/2=990(40)ns
Figure 6.9: Level scheme of 163Eu obtained in this work, reproduced from Fig. 5.20. The spin-parity
assignments are made with the aid of blocked BCS calculations.
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6.7 Discussion on 164Eu and 165Eu
Blocked BCS calculations [48] were performed on 164Eu (table 6.9) and 165Eu (table 6.10) in
this work to investigate the possible spin-parity assignments of the ground and isomeric states. The
deformation parameters 2 = 0.275 and 4 = 0.007 (
164Eu) and 2 = 0.275 and 4 = 0.013 (
165Eu)
were used to calculate the Nilsson energies.
Table 6.9: Low-lying quasiparticle states in 164Eu predicted by blocked BCS calculations. 200 keV has
been added to the energies of those marked with ∗ as they have energetically unfavoured configurations
according to the residual spin-spin coupling rule.
Kpi configuration Ex (MeV)
1pi 1ν two-qp
3− ν 1
2
−
[521]⊗ pi 5
2
+
[413] 0
6+ ν 7
2
+
[633]⊗ pi 5
2
+
[413] 0.050
3+ ν 1
2
−
[521]⊗ pi 5
2
−
[532] 0.063
6− ν 7
2
+
[633]⊗ pi 5
2
−
[532] 0.113
2− ν 1
2
−
[521]⊗ pi 3
2
+
[411] 0.124
5+ ν 7
2
+
[633]⊗ pi 3
2
+
[411] 0.174
four-qp
7+ ν 1
2
−
[521]⊗ pi 5
2
+
[413], 1.018∗
pi 5
2
−
[532]⊗ pi 3
2
+
[411]
10− ν 7
2
+
[633]⊗ pi 5
2
+
[413], 1.068∗
pi 5
2
−
[532]⊗ pi 3
2
+
[411]
9+ ν 1
2
−
[521]⊗ ν 7
2
+
[633], 1.078∗
ν 5
2
−
[512]⊗ pi 5
2
+
[413]
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Table 6.10: Low-lying quasiparticle states in 165Eu predicted by blocked BCS calculations. 200 keV has
been added to the energies of those marked with ∗ as they have energetically unfavoured configurations
according to the residual spin-spin coupling rule.
Kpi configuration Ex (MeV)
1-qp states
5
2
+
pi 5
2
+
[413] 0
5
2
−
pi 5
2
−
[532] 0.055
3
2
+
pi 3
2
+
[411] 0.114
7
2
−
pi 7
2
−
[523] 0.669
3-qp states
13
2
−
pi 5
2
+
[413]⊗ pi 5
2
−
[532]⊗ pi 3
2
+
[411] 0.801
11
2
+
ν 5
2
−
[512]⊗ ν 1
2
−
[521]⊗ pi 5
2
+
[413] 1.151
11
2
−
ν 5
2
−
[512]⊗ ν 1
2
−
[521]⊗ pi 5
2
−
[532] 1.206
9
2
+
ν 5
2
−
[512]⊗ ν 1
2
−
[521]⊗ pi 3
2
+
[411] 1.266
17
2
−
ν 5
2
−
[512]⊗ ν 7
2
+
[633]⊗ pi 5
2
+
[413] 1.452∗
17
2
+
ν 5
2
−
[512]⊗ ν 7
2
+
[633]⊗ pi 5
2
−
[532] 1.508∗
17
2
+
pi 5
2
+
[413]⊗ pi 5
2
−
[532]⊗ pi 7
2
−
[523] 1.508
There are many low-energy 2-qp (1 neutron, 1 proton) states in 164Eu predicted by blocked BCS
calculations. The ν 12
−
[521] and ν 72
+
[633] orbitals are very close in the Nilsson diagram. The pi 92
−
[404]
intruder state in the Nilsson diagram crosses the 52
−
[532] state at 2 ∼ 0.3, the estimated deformation
of 164Eu. Therefore it is unclear if the odd proton has a 52
−
[532] configuration or 52
+
[413] configuration
(where the last pair of protons have either a 92
−
[404] configuration or a 52
−
[532] configuration respect-
ively). The calculations also predict several four-qp states close in energy that could be isomeric.
The blocked BCS calculations for 165Eu reveal three possible proton configurations for the ground
state and several configurations for a 3-qp isomeric state. Therefore, the expected spin-parity assign-
ments for the isomer in 165Eu are unclear.
6.8 Discussion on 164Gd
To further strengthen the spin-parity assignments in the 164Gd level scheme shown in Fig. 6.10,
blocked BCS calculations [48] were performed in this work. The pairing strengths were fixed as
Gpi = 21.00 A·MeV and Gν = 20.00 A·MeV, in accordance with Jain et al. [48]. The Nilsson energies
were calculated for a set of deformation parameters; 2 = 0.275 and 4 = 0.007, taken from Mo¨ller et
al. [46]. The results can be seen in table 6.11.
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Table 6.11: Low-lying quasiparticle states in 164Gd predicted by blocked BCS calculations The calcu-
lations have only been performed for the lowest energy states. 200 keV has been added to the energies
of those marked with ∗ as they have energetically unfavoured configurations according to the residual
spin-spin coupling rule.
Kpi configuration Ex (MeV) E
exp
x (MeV)
ν two-qp
4− ν 1
2
−
[521]⊗ ν 7
2
+
[633] 1.052 1.096(1)
6− ν 7
2
+
[633]⊗ ν 5
2
−
[512] 1.799∗
7− ν 7
2
+
[633]⊗ ν 7
2
−
[514] 2.323
pi two-qp
4− pi 3
2
+
[411]⊗ pi 5
2
−
[532] 1.500∗
4+ pi 3
2
+
[411]⊗ pi 5
2
+
[413] 1.317
5− pi 5
2
+
[413]⊗ pi 5
2
−
[532] 1.631
four-qp
8− ν 1
2
−
[521]⊗ ν 7
2
+
[633], 2.169
pi 3
2
+
[411]⊗ pi 5
2
+
[413]
8+ ν 7
2
+
[633]⊗ ν 1
2
−
[521], 2.552∗
pi 5
2
−
[532]⊗ pi 3
2
+
[411]
9+ ν 1
2
−
[521]⊗ ν 7
2
+
[633], 2.683
pi 5
2
−
[532]⊗ pi 5
2
+
[413]
73
168
962
855
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Figure 6.10: Level scheme of 164Gd obtained in this work, reproduced from Fig. 5.27. The (4−) spin-
parity assignment is due to the prediction by blocked BCS calculations of an isomeric two-neutron
quasiparticle state. This ν 12
−
[521] ⊗ ν 72
+
[633] state is also responsible for the (4−) isomeric state in
isotone 162Sm.
The calculations are in agreement with the (4−) assignment of the isomeric state in Fig. 5.27. They
reveal the most likely configuration for the isomeric state arises from a two-neutron quasiparticle state:
ν 12
−
[521] ⊗ ν 72
+
[633]. The difference in energies between the experimental and calculated values is
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only 44 keV.
The 164Gd (4−) isomer decays via a 855 keV E1 transition to the rotational band (ν = 3) with a
reduced hindrance of fν = 43(6) (where Fω is reduced by 10
4), similar to other fν values found in this
work. The hindrance, Fω = 8.1(3.6)× 108 and transition strength, B(E1) = 1.23(55)× 10−9 W.u. are
in agreement with Lo¨bner [113], although there are large uncertainties in the values due to the large
uncertainty of the half-life measurement.
6.9 Discussion on 166Gd and 164Sm: N = 102 isomers
6.9.1 Potential energy surface calculations
Potential energy surface calculations were performed by F. Xu and H. Liu from Peking University
and Xi’an Jiaotong University respectively, in order to further understand the nature of the level
schemes of the isotones 166Gd and 164Sm shown in Fig. 6.11 and Fig. 6.12 respectively. The calculations
included configuration constraints where the total energy was minimised in (β2, β4, β6, γ) deformation
space. For more details see references [50, 114] and Sec. 2.10. The results can be seen in table 6.12.
Significantly non-zero β6 values are found, which alter the relative 2-quasiparticle energies by up to
250 keV (compared to β6 = 0 calculations). Indeed, the tables of Mo¨ller et al. [46] indicate that β6
maximises for 164Sm and its inclusion in the calculation of multi-quasiparticle states is necessary. The
inclusion of β6 deformation may also affect the blocked BCS calculations, however, the code available
for use (developed by Jain et al. [48]) does not include β6 deformation.
These calculations suggest that a 6− state with a 2-neutron ν 52
−
[512] ⊗ ν 72
+
[633] configuration
is isomeric in both 164Sm and 166Gd. Analogous 6− states have previously been observed in heavier
N = 102 isotones 170Er (Z = 68) at 1591 keV [108] and in 172Yb (Z = 70) at 1550 keV [107]. The
isomeric states in both 164Sm and 166Gd are assigned (6−) spin and parity (Fig. 5.18 and Fig. 5.31)
The energy of the isomeric state in 166Gd is 1601 keV which is in reasonable agreement with the
PES calculated value of 1288 keV, considering the calculated value has an uncertainty of ∼ 200 keV
[50]. The energy of the isomeric state in 164Sm could not be measured as the 2+ → 0+ transition was
not observed. However, it is expected to be ∼ 70 keV from the energy systematics of neighbouring
isotopes and isotones. A 70 keV 2+ → 0+ transition gives the isomeric state an energy of ∼ 1487 keV,
similar to the predicted value of 1301 keV from the PES calculations.
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Table 6.12: Low-lying quasiparticle states in 166Gd and 164Sm, predicted by potential energy surface
calculations. Those marked with * are energetically unfavoured configurations according to the residual
spin-spin coupling rule, therefore an average 200 keV energy has been added to these states. The
calculations give γ = 0 for all predicted states.
Kpi configuration β2 β4 β6 Ex(MeV) E
exp
x (MeV)
166Gd
g.s. 0.296 0.015 -0.020
6− ν 5
2
−
[512]⊗ ν 7
2
+
[633] 0.291 0.014 -0.017 1.288∗ 1.601(1)
4+ pi 3
2
+
[411]⊗ pi 5
2
+
[413] 0.299 0.017 -0.022 1.300
3+ ν 1
2
−
[521]⊗ ν 5
2
−
[512] 0.292 0.015 -0.018 1.400
4− ν 1
2
−
[521]⊗ ν 7
2
+
[633] 0.284 0.015 -0.013 1.684
4− pi 3
2
+
[411]⊗ pi 5
2
−
[532] 0.287 0.011 -0.015 1.769∗
5− pi 5
2
+
[413]⊗ pi 5
2
−
[532] 0.289 0.013 -0.017 1.826
164Sm
g.s. 0.301 0.030 -0.023
6− ν 5
2
−
[512]⊗ ν 7
2
+
[633] 0.295 0.029 -0.020 1.301∗ 1417+x
5− pi 5
2
+
[413]⊗ pi 5
2
−
[532] 0.294 0.027 -0.020 1.411
4− pi 3
2
+
[411]⊗ pi 5
2
−
[532] 0.295 0.027 -0.021 1.907∗
4− pi 5
2
+
[413]⊗ pi 3
2
−
[541] 0.285 0.018 -0.020 2.195
4+ pi 5
2
−
[532]⊗ pi 3
2
−
[541] 0.280 0.015 -0.016 2.502∗
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Figure 6.11: Level scheme of 166Gd obtained in this work, reproduced from Fig. 5.31. The spin-parity
of the (6−) isomeric state is assigned with the aid of PES and blocked BCS calculations.
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Figure 6.12: Level scheme of 164Sm obtained in this work, reproduced from Fig. 5.18. The 2+ → 0+
transition was not observed. The (6−) isomeric state arises from the same two-neutron quasiparticle
configuration as the (6−) isomeric state in isotone 166Gd.
6.9.2 Blocked BCS calculations
Blocked BCS calculations were also performed on 166Gd and 164Sm, in this work. The results can
be seen in table 6.13 and table 6.14. The pairing strengths were fixed as Gpi = 21.00 A·MeV and
Gν = 20.00 A·MeV, in accordance with Jain et al. [48]. The Nilsson energies were calculated for a
set of deformation parameters; 2 = 0.275 and 4 = 0.027 for
166Gd and 2 = 0.275 and 4 = 0.007 for
164Sm, taken from Mo¨ller et al. [46].
Blocked BCS calculations reveal that a two-neutron 3+ spin state is lowest in energy for 166Gd
and 164Sm. However, the calculated energy of the 6− state (1461 keV) is very close to the measured
energy of the isomeric state in 164Sm of 1417 + x keV (table 5.7), where x ∼ 70 keV. The calculated
energy of 1467 keV for the 6− state in 166Gd is also closer to the measured energy (1601 keV, see
table 5.7) by nearly 200 keV then given by the PES calculations in table 6.12 (1288 keV).
The blocked BCS calculations unfortunately do not favour a 4+ two-proton configuration over a
3+ two-neutron configuration (or vice versa) in 166Gd, as discussed in Sec. 6.9.1, as the energies are
practically identical. The calculations do show that a two-neutron configuration for the isomeric state
in 164Sm is favoured over a two-proton configuration from the difference in energies.
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Table 6.13: Low-lying quasiparticle states in 166Gd predicted by blocked BCS calculations The calcu-
lations have only been performed for the lowest energy states. 200 keV has been added to the energies
of those marked with ∗ as they have energetically unfavoured configurations according to the residual
spin-spin coupling rule.
Kpi configuration Ex (MeV) E
exp
x (MeV)
ν two-qp
3+ ν 1
2
−
[521]⊗ ν 5
2
−
[512] 1.157
6− ν 5
2
−
[512]⊗ ν 7
2
+
[633] 1.476∗ 1.601(1)
6+ ν 5
2
−
[512]⊗ ν 7
2
−
[514] 2.043
pi two-qp
4+ pi 3
2
+
[411]⊗ pi 5
2
+
[413] 1.159
4− pi 3
2
+
[411]⊗ pi 5
2
−
[532] 1.464
5− pi 3
2
+
[411]⊗ pi 7
2
−
[532] 2.050
four-qp
10− ν 5
2
−
[512]⊗ ν 7
2
+
[633], 2.635∗
pi 3
2
+
[411]⊗ pi 5
2
+
[413]
11+ ν 5
2
−
[512]⊗ ν 7
2
+
[633], 3.091∗
pi 5
2
−
[532]⊗ pi 5
2
+
[413]
Table 6.14: Low-lying quasiparticle states in 164Sm predicted by blocked BCS calculations The calcu-
lations have only been performed for the lowest energy states. 200 keV has been added to the energies
of those marked with ∗ as they have energetically unfavoured configurations according to the residual
spin-spin coupling rule.
Kpi configuration Ex (MeV) E
exp
x (MeV)
ν two-qp
3+ ν 1
2
−
[521]⊗ ν 7
2
+
[633] 1.160
6− ν 5
2
−
[512]⊗ ν 7
2
+
[633] 1.461∗ 1417+x
6+ ν 5
2
−
[512]⊗ ν 7
2
−
[514] 2.067
pi two-qp
4+ pi 3
2
−
[541]⊗ pi 5
2
−
[532] 2.122∗
6+ pi 5
2
−
[523]⊗ pi 7
2
−
[523] 2.118
7− pi 9
2
+
[404]⊗ pi 5
2
−
[532] 2.637
four-qp
10− ν 5
2
−
[512]⊗ ν 1
2
−
[521], 2.671
ν 7
2
−
[514]⊗ ν 7
2
+
[633]
11+ ν 5
2
−
[512]⊗ ν 1
2
−
[521], 3.134∗
ν 9
2
+
[624]⊗ ν 7
2
+
[633]
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6.9.3 Reduced hindrance
The 166Gd (6−) isomer decays via a 183 keV E1 transition to the γ band (ν = 3) with a reduced
hindrance of fν = 17(1) and the
164Sm (6−) isomer decays to the γ band via a 349 keV E1 transition
with fν = 23(2). The hindrance and transition probabilities of the 183 keV and 349 keV transitions
are Fω = 4.67(30) × 107 and B(E1) = 2.14(13) × 10−8 W.u., and Fω = 1.15(27) × 108 and B(E1) =
8.66(2.02)×10−9 W.u. respectively. These are similar values which are also broadly in agreement with
the analysis of Lo¨bner [113].
The (6−) isomer in 166Gd also decays via a 146 keV E1 transition to the K = 4 band (ν = 1).
The hindrance and transition probabilities are Fω = 3.58(25)×107 and B(E1) = 2.79(18)×10−8 W.u.
in agreement with the experimental data trends of Lo¨bner [113]. The reduced hindrance is large,
fν = 3580(226), likely due to the low ν value. This large reduced hindrance could be due to mixing
of the (5+) state in the quasiparticle band with the (5+) state in the γ band. It is possible that the
bandhead of the second quasiparticle state in 166Gd has been incorrectly assigned as 4+. The PES
calculations show the next favourable configuration is ν 12
−
[521]⊗ ν 52
−
[512]. A bandhead of 3+ would
change the multipolarity of the 146 keV transition to M2 and give a reduced hindrance of 68(2), similar
to other values given in this work. However, the intensity through the levels would no longer balance,
as the 146 keV transition would have four times the intensity as an M2 than an E1 transition. The
assignment of a 4+ bandhead is kept due to the experimental evidence.
6.9.4 Rotational band systematics
A key feature of the results presented here is that the isomers decay to low-lying excited states,
which can themselves be used to deduce basic nuclear structure information. Especially useful are the
first 2+ and 4+ energies. Systematics of E(2+) and E(4+ → 2+) are shown in Fig. 6.13. The observed
2+ and 4+ energies of 166Gd and 164Sm are the lowest in their isotopic chains and of the N = 102
isotones. These low values suggest that isotopes 166Gd and 164Sm are the most deformed N = 102
nuclei observed in this region to date, although a further decrease in energy with decreasing Z can be
expected for Nd (Z = 60). These new points in the systematics also highlight the increase of E(2+)
and E(4+ → 2+) at N = 100. An increase in E(2+) and E(4+ → 2+) at N = 100 in the Dy chain was
previously observed. However, it was unclear if this increase is due to a local minimum at N = 98 or a
local maximum at N = 100. The new E(2+) and E(4+ → 2+) data from 164Sm and 166Gd help clarify
the systematic behaviour.
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Figure 6.13: Systematics of E(2+) and E(4+ → 2+) for Sm, Gd, Dy, Er and Yb isotopes. All data
points from [5] and this work.
The total energy surface calculations performed in this work predict a smooth increase of β2
deformation with increasing neutron number. Maximum deformation is reached at N = 100 and
N = 102, with β2 = 0.291 and 0.292, respectively, for Gd and Sm isotopes. Other calculations show
a similar picture. For example, Mo¨ller et al. [46] also predict a smooth change in β2 deformation,
with a maximum at N = 102 for Sm (Z = 62), Gd (Z = 64) and Dy (Z = 66). Other calculations
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performed on Dy isotopes also predict a smooth change in β deformation, although they vary in the
maximum deformation neutron number [122, 123, 124].
The most recent Projected Hartree-Fock calculations performed by Ghorui et al. for neutron-rich
Sm isotopes [125], and now also for Gd isotopes [126], in fact show a slightly increased E(2+) energy
at N = 100 compared to N = 98 and N = 102 (Sm only). Their emphasis was on the prediction of a
deformed shell gap at N = 100, along with a smooth change in β2 deformation throughout the isotopic
chains. Other calculations using relativistic mean-field formalism have also suggested N = 100 to be
a deformed magic number [127, 128]. Ghorui’s calculations also show that a deformed shell closure
would have an effect on the masses of Z ≤ 62 nuclei (164Sm, 162Nd, 160Ce and 158Ba) which manifests
as a discontinuity of the two-neutron separation energies. However these nuclei are far from stability
and, according to the recent AME2012 atomic mass evaluation, the masses of these nuclei are unknown
[129]. Where such information exists (in Z ≥ 70 nuclei) there is no evidence for the deformed magicity
of N = 100. However, the anomalous E(2+) behaviour has been observed in Dy isotopes [130], and
more prominently here in Gd and Sm isotopes, clearly highlighting complex deformation variations.
This behaviour gives support to the appearance of a deformed N = 100 shell gap for Z ≤ 66, which
will influence r-process abundance calculations [60, 131]. Confirmation through mass measurements
is now needed in order to clarify the structure evolution in this doubly mid-shell region. Further
investigation of the role of β6 deformation and its inclusion in PES calculations is also warranted.
6.10 Discussion on 167Tb, 168Tb, and 169Tb
To investigate the possible spin-parity assignments of the ground and isomeric states, blocked BCS
calculations [48] were performed on 167Tb (table 6.15), 168Tb (table 6.16), and 169Eu (table 6.17). The
deformation parameters 2 = 0.275 and 4 = 0.033 (
167Tb), 2 = 0.275 and 4 = 0.040 (
168Tb), and
2 = 0.267 and 4 = 0.040 (
169Tb) from Mo¨ller et al. [46] were used to calculate the Nilsson energies.
The calculations show that the most likely configuration for the ground state of 167Tb is pi 32
+
[411].
The isomeric state could be due to either a 3-proton configuration or a 2-neutron, 1-proton configur-
ation. The most likely configuration for the ground state of 168Tb is ν 52
−
[512] ⊗ pi 32
+
[411] from the
calculations. The spin-parity of the 3-qp isomeric state is likely 10+ or 10−. The calculations show
that a pi 32
+
[411] configuration is the most likely for the ground state of 169Tb and that a broken pair
of neutrons in conjunction with this ground state configuration gives the most likely 3-qp state at
1141 keV with Kpi = 152
+
. However, more statistics in the experimental data is needed to construct
the level schemes of these isotopes.
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Table 6.15: Low-lying quasiparticle states in 167Tb predicted by blocked BCS calculations. 200 keV has
been added to the energies of those marked with ∗ as they have energetically unfavoured configurations
according to the residual spin-spin coupling rule.
Kpi configuration Ex (MeV)
1-qp states
3
2
+
pi 3
2
+
[411] 0
5
2
+
pi 5
2
+
[413] 0.279
7
2
−
pi 7
2
−
[523] 0.297
3-qp states
9
2
+
ν 5
2
−
[512]⊗ ν 1
2
−
[521]⊗ pi 3
2
+
[411] 1.159
15
2
−
pi 3
2
+
[411]⊗ pi 7
2
−
[523]⊗ pi 5
2
+
[413] 1.196
13
2
−
ν 5
2
−
[512]⊗ ν 1
2
−
[521]⊗ pi 7
2
−
[523] 1.457
15
2
+
pi 3
2
+
[411]⊗ pi 7
2
−
[523]⊗ pi 5
2
−
[532] 1.470∗
Table 6.16: Low-lying quasiparticle states in 168Tb predicted by blocked BCS calculations. 200 keV has
been added to the energies of those marked with ∗ as they have energetically unfavoured configurations
according to the residual spin-spin coupling rule.
Kpi configuration
1pi 1ν two-qp
4− ν 5
2
−
[512]⊗ pi 3
2
+
[411] 0
5+ ν 7
2
+
[633]⊗ pi 3
2
+
[411] 0.505
6+ ν 9
2
+
[624]⊗ pi 3
2
+
[411] 0.505
four-qp
10+ ν 5
2
−
[512]⊗ pi 3
2
+
[411], 1.189
pi 7
2
−
[523]⊗ pi 5
2
+
[413]
10− ν 5
2
−
[512]⊗ pi 3
2
+
[411], 1.336∗
pi 7
2
−
[523]⊗ pi 5
2
−
[532]
11+ ν 5
2
−
[512]⊗ ν 7
2
−
[514], 1.508
ν 7
2
+
[633]⊗ pi 3
2
+
[411]
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Table 6.17: Low-lying quasiparticle states in 169Tb predicted by blocked BCS calculations. 200 keV has
been added to the energies of those marked with ∗ as they have energetically unfavoured configurations
according to the residual spin-spin coupling rule.
Kpi configuration Ex (MeV)
1-qp states
3
2
+
pi 3
2
+
[411] 0
7
2
−
pi 7
2
−
[523] 0.258
5
2
−
pi 5
2
−
[532] 0.273
3-qp states
15
2
+
ν 5
2
+
[512]⊗ ν 7
2
−
[514]⊗ pi 3
2
+
[411] 1.141
15
2
+
pi 3
2
+
[411]⊗ pi 7
2
−
[523]⊗ pi 5
2
−
[532] 1.398∗
19
2
−
ν 5
2
−
[512]⊗ ν 7
2
−
[514]⊗ pi 7
2
−
[523] 1.399
17
2
−
ν 5
2
−
[512]⊗ ν 7
2
−
[514]⊗ pi 5
2
−
[532] 1.414
17
2
+
ν 5
2
−
[512]⊗ ν 7
2
−
[514]⊗ pi 5
2
+
[413] 1.429
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6.11 Discussion on β decay from of 160Pm, 161Pm, and 162Pm
Blocked BCS calculations of the type in Ref. [48] were performed in order to better understand
the spin-parities of the ground states in 160Pm, 161Pm, and 162Pm. The deformation parameters
used: 2 = 0.267 and 4 = −0.027 (160Pm), 2 = 0.275 and 4 = −0.020 (161Pm), and 2 = 0.275
and 4 = −0.007 (162Pm) were taken from Mo¨ller et al. [46]. The pairing strengths were fixed as
Gpi = 21.0 AMeV and Gν = 20.0 AMeV, in accordance with Jain et al. [48]. The results can be seen
in table 6.18.
Table 6.18: Low-lying quasiparticle states in 160Pm, 161Pm, and 162Pm predicted by blocked-BCS
calculations. Only Kpi values of favoured spin-couplings are shown.
Nucleus Kpi configuration Ex (keV)
160Pm 6− ν 7
2
+
[633]⊗ pi 5
2
−
[532] 0
160Pm 2+ ν 1
2
−
[521]⊗ pi 5
2
−
[532] 52
160Pm 3− ν 1
2
−
[521]⊗ pi 5
2
+
[413] 289
160Pm 5+ ν 5
2
−
[512]⊗ pi 5
2
−
[532] 436
161Pm 5
2
−
pi 5
2
−
[532] 0
161Pm 5
2
+
pi 5
2
−
[413] 268
161Pm 3
2
+
pi 3
2
+
[411] 586
161Pm 3
2
−
pi 3
2
−
[541] 672
162Pm 2+ ν 1
2
−
[521]⊗ pi 5
2
−
[532] 0
162Pm 6− ν 7
2
+
[633]⊗ pi 5
2
−
[532] 44
162Pm 5+ ν 5
2
−
[512]⊗ pi 5
2
−
[532] 163
162Pm 3− ν 1
2
−
[521]⊗ pi 5
2
−
[413] 196
The lowest energy configuration for the ground state of 160Pm in table 6.18 is 6− ν 72
+
[633] ⊗
pi 52
−
[532]. This supports the assignment made in Sec. 5.2.1. The ground state of 160Pm is assigned
a (6−) spin-parity that β decays to the (6−) and (6+) states in 160Sm. A 2+ ν 12
−
[521] ⊗ pi 52
−
[532]
configuration is also predicted by the calculations with low energy. It is possible that a second state
with 2+ spin-parity exists in 160Pm that decays to the 2+ ground band state in 160Sm, however, due
to lack of experimental evidence the 2+ state in 160Pm has not been placed in the level scheme.
The calculations display many possible ground state configurations of 161Pm shown in table 6.18.
It is likely that the pi 52
−
[532] configuration, also predicted to exist in the quasiparticle configurations
of 160Pm and 162Pm, is responsible for the ground state in 161Pm. However, it is not possible to draw
any conclusions, as the experimental information is too low in statistics.
The blocked BCS calculations for the ground state of 162Pm show a similar result to the calculations
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for 160Pm. A 2+ ν 12
−
[521]⊗ pi 52
−
[532] configuration is lowest in energy, followed by a 6− ν 72
+
[633]⊗
pi 52
−
[532] configuration only 44 keV apart. The ground state in 162Pm is assigned a (6−) spin-parity
due to population of the (6+) ground band state in 162Sm. It is possible that a second ground state
in 162Pm exists with a spin-parity of 2+ as in 160Pm, however experimental evidence is not present.
6.12 Limits of K isomerism
Further to the discussion on the limits of four-qp K isomers in Sec. 6.2.1, the results of blocked
BCS calculations performed in this work of lighter nuclei in this nuclear region on even-even isotopes
to test the limits of existence of four-qp isomers are presented below in table 6.19. Only those nuclei
that are predicted 4-qp states by the blocked BCS calculations are shown. The calculations were
performed on all nuclei in the Z = 56 − 64, N = 90 − 102 region. However, many revealed only the
possibility for 2-qp states.
To date, 160Sm is the lightest four-qp K isomer observed in a deformed nucleus. The next best
candidate predicted by blocked BCS calculations is a four-qp isomer in 158Sm, with Kpi = 10+ and
E = 2.424 MeV. However, to date, only a two-qp isomeric state has been observed in this nucleus [132].
Due to the lower spin, the predicted four-qp isomer in 158Sm would likely have a shorter half-life than
that of 160Sm. Overall, the calculations show that 160Sm is the strongest candidate for the lightest
four-qp isomer to exist in this region, consistent with the new observations presented in this work.
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Table 6.19: Systematic search for possible 4-qp isomers using blocked BCS calculations. For the cases
where there are multiple possible 4-qp states only the states most likely to be isomeric have been
listed. Those marked with * are energetically unfavoured configurations according to the residual
spin-spin coupling rule, therefore an average 200 keV energy, or 400 keV energy for those with two
sets of unfavoured configurations, has been added to the energies of these states.
Isotope 2 4 K
pi 4-qp configuration Ex(MeV)
Z = 64
160Gd 0.258 -0.027 10+ ν 5
2
−
[523]⊗ ν 5
2
+
[642], ν 3
2
−
[521]⊗ ν 7
2
+
[633] 3.206∗
162Gd 0.267 -0.007 10− ν 5
2
−
[523]⊗ ν 7
2
+
[633], pi 3
2
+
[411]⊗ pi 5
2
+
[413] 2.629
164Gd 0.275 0.007 10− ν 5
2
−
[512]⊗ ν 7
2
+
[633], pi 3
2
+
[411]⊗ pi 5
2
+
[413] 2.715∗
166Gd 0.275 0.027 10− ν 5
2
−
[512]⊗ ν 7
2
+
[633], pi 3
2
+
[411]⊗ pi 5
2
+
[413] 2.635∗
11+ ν 5
2
−
[512]⊗ ν 7
2
+
[633], pi 5
2
−
[532]⊗ pi 5
2
+
[413] 3.091∗
Z = 62
154Sm 0.250 -0.067 13+ ν 5
2
+
[642]⊗ ν 11
2
−
[505], pi 5
2
−
[532]⊗ pi 5
2
+
[413] 3.287∗
156Sm 0.258 -0.053 9+ ν 5
2
+
[642]⊗ ν 3
2
−
[521], pi 5
2
−
[532]⊗ pi 5
2
+
[413] 2.358∗
12− ν 5
2
+
[642]⊗ ν 3
2
−
[521], ν 5
2
−
[523]⊗ ν 11
2
−
[505] 3.410∗
158Sm 0.258 -0.040 10+ ν 5
2
+
[642]⊗ ν 5
2
−
[523], pi 5
2
−
[532]⊗ pi 5
2
+
[413] 2.424
10+ ν 5
2
+
[642]⊗ ν 3
2
−
[521], ν 5
2
−
[523]⊗ ν 7
2
+
[633] 3.243∗
160Sm 0.267 -0.027 11+ ν 5
2
−
[523]⊗ ν 7
2
+
[633], pi 5
2
−
[532]⊗ pi 5
2
+
[413] 2.433
162Sm 0.275 -0.007 11+ ν 5
2
−
[523]⊗ ν 7
2
+
[633], pi 5
2
−
[532]⊗ pi 5
2
+
[413] 2.597
164Sm 0.275 0.007 10− ν 5
2
−
[512]⊗ ν 1
2
−
[521], ν 7
2
−
[514]⊗ ν 7
2
+
[633] 2.671
Z = 60
160Nd 0.267 -0.027 9− ν 7
2
+
[633]⊗ ν 1
2
−
[521], ν 5
2
−
[512]⊗ ν 5
2
−
[523] 2.698
8− ν 7
2
+
[633]⊗ ν 1
2
−
[521], pi 3
2
−
[541]⊗ pi 5
2
−
[532] 2.717∗
Z = 58
152Ce 0.242 -0.067 7+ ν 5
2
+
[642]⊗ ν 3
2
−
[521], pi 3
2
−
[541]⊗ pi 3
2
+
[422] 2.449∗
158Ce 0.250 -0.027 9− ν 7
2
+
[633]⊗ ν 1
2
−
[521], ν 5
2
−
[512]⊗ ν 5
2
−
[523] 2.754
160Ce 0.258 0.000 12+ ν 5
2
−
[512]⊗ ν 7
2
+
[633], pi 3
2
−
[541]⊗ pi 9
2
+
[404] 3.567∗
Z = 56
150Ba 0.225 -0.073 6− ν 5
2
+
[642]⊗ ν 3
2
−
[521], pi 3
2
+
[422]⊗ pi 1
2
+
[420] 2.281∗
152Ba 0.242 -0.060 8− pi 3
2
+
[422]⊗ pi 1
2
+
[420], pi 3
2
−
[541]⊗ pi 9
2
+
[404] 2.766∗
154Ba 0.242 -0.040 8− pi 3
2
+
[422]⊗ pi 1
2
+
[420], pi 3
2
−
[541]⊗ pi 9
2
+
[404] 2.836∗
156Ba 0.250 -0.020 8− pi 3
2
+
[422]⊗ pi 1
2
+
[420], pi 3
2
−
[541]⊗ pi 9
2
+
[404] 2.809∗
9− ν 7
2
+
[633]⊗ ν 1
2
−
[521], ν 5
2
−
[512]⊗ ν 5
2
−
[523] 2.831
158Ba 0.250 0.007 10− ν 5
2
−
[512]⊗ ν 1
2
−
[521], ν 7
2
+
[633]⊗ ν 7
2
−
[514] 2.654
11+ ν 5
2
−
[512]⊗ ν 1
2
−
[521], ν 7
2
+
[633]⊗ ν 9
2
+
[624] 3.179∗
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Chapter 7
Conclusions
In summary, many new K isomeric states have been discovered in the isotopes of the rare earth
elements; samarium, europium, and gadolinium. Their half-lives have been measured, level schemes
constructed, and isomeric configurations assigned where possible.
A key feature of the results is the observation of excited states in 166Gd and 164Sm from the decay
of newly found Kpi = (6−) isomeric states, with half-lives of 950(60) and 600(140) ns respectively.
Total energy surface calculations are in agreement with a 6− spin-parity assignment for these isomers,
with a ν 52
−
[512] ⊗ ν 72
+
[633] configuration. A local maximum of the ground state band energies at
N = 100 is revealed for Sm and Gd isotopes, with the inclusion of the E(2+) and E(4+ → 2+) energies
of 164Sm and 166Gd (N = 102), shown in 6.13. This local maximum is the first experimental evidence
towards a predicted deformed shell gap at N = 100. Further confirmation of this shell gap is needed
through mass measurements of Z ≤ 62 nuclei. Investigation into the role of β6 deformation in these
mid-shell nuclei is also warranted, as it has been shown to have an effect on 2-quasiparticle energies
in this work. It is not usually considered in calculations in this deformed mass region.
A new four-qp isomer has been observed in 160Sm with a half-life of 1.8(4)µs and Kpi = 11+. The
level scheme has been extended using the present spectroscopic data. This is the lightest deformed
nucleus where a four-qp K isomer has been observed to date. The new data from 160Sm agree well with
the inverse correlation between reduced hindrance and excitation energy for E1 and E2 transitions,
shown here for the first time for E1 transitions. A systematic study using blocked BCS calculations
reveal 160Sm and 158Sm are the best candidates for deformed four-qp isomers. However, further
experiments are needed to ascertain the Z and N limits for their existence.
K isomeric states have also been found in 159Sm (Kpi = 152
+
), 161Sm, 162Sm (Kpi = 4−), 163Eu
(Kpi = 132
−
), and 164Gd (Kpi = 4−). The level schemes for the γ ray transitions observed in 159Sm,
163Eu, and 164Gd in this work are complete, however, angular correlations are required to complete
the more complex level scheme of the odd-even 161Sm. There is also first evidence of the existence of
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isomers in 164Eu, 165Eu, 167Tb, 168Tb, and 169Tb. The statistics are too low, however, to determine
the level schemes, or to assign spin and parity to the isomeric states.
Three β-delayed γ-ray spectra were shown here for the first time for 160Sm, 161Sm, and 162Sm.
This is the first time these nuclei have been populated via β decay. However, more work is needed on
the β-decay analysis to remove the double structure in the energy-time matrices and to measure the
β-decay half-lives.
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Excited states in the N ¼ 102 isotones 166Gd and 164Sm have been observed following isomeric decay
for the first time at RIBF, RIKEN. The half-lives of the isomeric states have been measured to be 950(60)
and 600(140) ns for 166Gd and 164Sm, respectively. Based on the decay patterns and potential energy
surface calculations, including β6 deformation, a spin and parity of 6− has been assigned to the isomeric
states in both nuclei. Collective observables are discussed in light of the systematics of the region, giving
insight into nuclear shape evolution. The decrease in the ground-band energies of 166Gd and 164Sm
(N ¼ 102) compared to 164Gd and 162Sm (N ¼ 100), respectively, presents evidence for the predicted
deformed shell closure at N ¼ 100.
DOI: 10.1103/PhysRevLett.113.262502 PACS numbers: 23.20.Lv, 27.70.+q, 21.60.Ev, 23.35.+g
In the exploration of the nuclear landscape, it is evident
that the neutron-rich side of stability contains a vast
unknown territory, where approximately half of all the
bound nuclides remain to be identified. Furthermore,
this is the domain of rapid-neutron-capture (r process)
nucleosynthesis, which is poorly understood and yet is key
to the creation of chemical elements from iron to uranium
(Z ¼ 26–92) in stellar environments [1]. With the advent of
the current generation of radioactive-beam facilities, it is
now possible to address some of the open questions
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through experiment, and much effort has been devoted to
the study of spherical neutron-rich closed-shell nuclides
associated with the so-called “waiting points” of the r
process. This is leading to an improved understanding of
the elemental abundance peaks at A ≈ 80 [2], A ≈ 130 [3],
and A ≈ 195 [4].
In contrast, the present work is concerned with the
enigmatic though less pronounced A ≈ 160 abundance
peak, believed to arise from strong midshell nuclear
deformation, and to provide a unique probe of r-process
conditions [5,6]. In this region, macroscopic-microscopic
calculations [7] show a deformation maximum close to
N ¼ 104 and Z ¼ 66 (170Dy), which is simultaneously
midshell for both neutrons and protons. However, these
calculations seem to be contradicted by recent experimental
data [8,9], which indicate either that the deformation
maximum is at significantly lower proton and neutron
numbers, or that there is more complex behavior, possibly
due to energy gaps in the deformed single-particle space. In
order to extend the experimental knowledge, and to test
more recent theoretical calculations [10], we exploit a basic
nuclear structure feature, namely, that deformation gives
rise to long-lived nuclear excited states (isomers) [11].
Isomers with half-lives in the 100 ns to 100 μs range allow
highly sensitive access to nuclear excited states following
relativistic heavy-ion reactions [12]. Combined with the
excellent uranium beam intensities from the Radio-
active Ion Beam Factory (RIBF) facility at RIKEN,
Japan [13], we have been able to reach further into the
A ¼ 160–170 midshell neutron-rich domain than was
previously possible.
Neutron-rich Z ¼ 62; 64 isotopes were produced by in-
flight fission of a 345 A⋅MeV 238U beam with an average
beam intensity of 10 particle-nA incident on a 9Be target at
the RIBF. The nuclei of interest were separated and
identified on an ion by ion basis using BigRIPS and the
ZeroDegree spectrometers [13,14]. The nuclei were separated
according to their mass-to-charge ratio (A=q) and atomic
number (Z) by use of bending magnets for A=q separation
and wedge degraders for energy loss (Z separation).
The ions of interest were implanted in a copper passive
stopper, the use of which allows a high implantation rate.
The γ rays emitted following isomeric decay were detected
using EURICA (Euroball-RIKEN Cluster Array) [15–17]:
84 HPGe crystals arranged in a 4π configuration at ∼22 cm
from implantation. The absolute efficiency of the array was
16.6% at 100 keVand 7.6% at 1 MeV. Ion implantation was
correlated with the γ rays by use of an acquisition window
of 100 μs which was opened when the ion passed through a
plastic scintillator located ∼1 m upstream of implantation.
Delayed γ rays emitted from 166Gd and 164Sm are shown
in Fig. 1. All labeled peaks have been identified and placed
in the level schemes of 166Gd and 164Sm.
The level schemes seen in Fig. 2 and Fig. 3 were deduced
from γ-γ coincidence analysis. The 70, 78, and 137 keV
γ rays in 166Gd cannot be seen in Fig. 1, but have been
observed in coincident γ-ray spectra. The existence of the
37 keV transition was deduced from the coincident
relationship between the 146 and 1188 keV transitions.
The 2þ → 0þ transition in 164Sm was not observed, due to
the relatively low efficiency for γ-ray detection in the
70 keV region, together with large E2 conversion coef-
ficients for such transitions. The intensities of the tran-
sitions are listed in Table I and Table II. We note that a
previous experiment tentatively assigned the 2þ → 0þ and
4þ → 2þ transitions in 166Gd to 69.7 and 160.8 keV,
respectively [18].
In addition to the γ rays assigned to 166Gd, two weak γ
rays of 220 and 269 keV were observed but not placed in
the level scheme. The possibility that the identified γ rays
are due to lower mass isotopes with one, two, or three
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FIG. 1 (color online). Top: Spectrum of γ rays from 166Gd,
emitted within 2.5 μs after an ion’s arrival. Middle: The prompt
flash time cut (solid line) and the fixed time cut (dotted line)
applied to the energy-time matrix. The former was used to
produce the spectra shown above and the latter for determining
γ-ray intensities. Bottom: Spectrum of γ rays from 164Sm, emitted
within 2 μs after an ion’s arrival. Insets: The exponential decay
curve from the isomeric decay of 166Gd and 164Sm.
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electrons (H-like, He-like, and Li-like, respectively) was
ruled out by comparing the data with known γ transitions in
these isotopes. A γ-ray transition of energy 694 keV is also
observed in 164Sm. However, due to low statistics this could
not be placed in the level scheme.
The spin and parity assignments given in Fig. 2 and
Fig. 3 are based on the transition multipolarities obtained
from the intensity balances through the levels and the decay
patterns. For example, the strong 146 and 183 keV tran-
sitions, depopulating the isomeric state in 166Gd, are
assigned as E1 transitions. These assignments are neces-
sitated by the low electron conversion coefficients required
by the intensity balances. In the absence of directly
measured electron conversion coefficients or γ-ray angular
correlations, we consider our spin and parity assignments to
be tentative.
The half-lives of the isomeric states were found from the
exponential decay curves (see inset in Fig. 1) derived from
the time between ion implantation and γ-ray detection.
Energy gates were placed around the strong 146, 161, 183,
249, 1088, 1170, and 1188 keV γ rays in 166Gd and the
155, 242, 349, 669, and 911 keV γ rays in 164Sm, with
background subtraction to improve accuracy. The half-lives
of 166Gd and 164Sm were measured to have weighted
averages of 950(60) and 600(140) ns, respectively. The
half-lives were determined for all individual transitions of
166Gd and 164Sm, and were found to be consistent with each
other within statistical uncertainties (in each nucleus),
which suggests that all transitions in each nucleus are
from the decay of a single isomeric state.
Potential energy surface calculations were made in order
to further understand the nature of the level schemes of
these isotones. The calculations included configuration
constraints where the total energy was minimized in the
(β2, β4, β6) deformation space. For more details see
Refs. [19,20]. The results can be seen in Table III. We
note that significantly nonzero β6 values are found, which
alter the relative two-quasiparticle energies by up to
250 keV (compared to β6 ¼ 0 calculations). Indeed, the
tables of Moller et al. [7] indicate that β6 maximizes for
164Sm and its inclusion in the calculation of multiquasi-
particle states is necessary. These calculations suggest
that a 6− state with a two-neutron ν5
2
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FIG. 2. Level scheme of 166Gd obtained in this work.
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FIG. 3. Level scheme of 164Sm obtained in this work.
TABLE I. Initial level energy Ei, spin parity Jπi , and branching
ratio Btot (corrected for electron conversion) of the levels obtained
for 166Gd in this work. For each γ ray the energy Eγ, γ-ray
intensity Iγ relative to the 183 keV γ-ray intensity, and final level
spin Jπf are listed. Transitions marked with
 are only visible in
coincident spectra, while  indicates that the transition has not
been directly observed but deduced from coincident relation-
ships. Intensities marked † have not been directly measured but
are obtained from the intensity balance of incoming and outgoing
γ rays.
Ei (keV) Jπi Eγ (keV) Iγðrel:Þ Btotðrel:Þ Jπf
70 (2þ) 70ð1Þ 15ð1Þ† 100† 0þ
230.8 (4þ) 160.8(2) 82(6) 100 (2þ)
479.5 (6þ) 248.7(3) 21(3) 100 (4þ)
1239.9 (3þ) 1009.1(7) 14(4) 29(10) (4þ)
1169.9(3) 34(7) 71(18) (2þ)
1318.9 (4þ) 78ð1Þ 7ð2Þ† 41ð12Þ† (3þ)
1088.1(3) 30(6) 37(9) (4þ)
1249.2(3) 18(5) 22(7) (2þ)
1350.1 (4þ) 1119.3(3) 8(3) 74(36) (4þ)
1280.1(2) 3(1) 26(14) (2þ)
1418.3 (5þ) 99.8(3) 24(3) 52(9) (4þ)
178.3(2) 11(2) 11(2) (3þ)
938.6(4) 15(4) 11(3) (6þ)
1187.5(3) 36(7) 26(6) (4þ)
1455.1 (5þ) 37 7ð4Þ† 38ð21Þ† (5þ)
137ð1Þ 5ð3Þ† 11ð7Þ† (4þ)
105.0(3) 12(2) 38(13) (4þ)
1224.3(3) 10(4) 12(6) (4þ)
1601.4 (6−) 146.3(2) 66(5) 41(4) (5þ)
183.1(2) 100 59(5) (5þ)
TABLE II. Same as Table I, but for 164Sm. Level energies are
given relative to the first 2þ state and γ-ray intensities Iγ are
relative to the 349 keV γ-ray intensity.
Ei − Eð2þÞ (keV) Jπi Eγ (keV) Btotðrel:Þ Iγðrel:Þ Jπf
155.9(4) (4þ) 155.9(4) 100 79(14) (2þ)
398.1(5) (6þ) 242.2(3) 100 28(9) (4þ)
1067.2(5) (5þ) 668.8(4) 66(28) 39(14) (6þ)
911.3(3) 100(40) 79(22) (4þ)
1416.6(5) (6−) 349.4(2) 100 100 (5þ)
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configuration is isomeric in both 164Sm and 166Gd.
Analogous 6− states have previously been observed in
heavier N ¼ 102 isotones 170Er (Z ¼ 68) at 1591 keV [21]
and in 172Yb (Z ¼ 70) at 1550 keV [22]. The isomeric
states in both 164Sm and 166Gd are assigned (6−) spin and
parity.
A fragment of a two-quasiparticle band has been
observed in 166Gd with a possible (4þ) bandhead at
1350 keV. Calculations suggest a two-proton π3
2
þ½411 ⊗
π5
2
þ½413 configuration (see Table III). Such bands have
been observed in isotopes 156Gd [23] and 160Gd [24] at
1511 and 1070 keV, respectively, which is consistent with
our configuration assignment.
The third band observed in 166Gd is assigned as the
vibrational γ band. The bandhead was not observed;
however, the energies and spacings of the assigned (3þ),
(4þ), and (5þ) levels (1240, 1318, and 1418 keV, respec-
tively) are similar to those in the isotones 172Yb (1173,
1263, and 1376 keV, respectively) [22] and 170Er (1010,
1127, and (1237) keV, respectively) [21]. Based on the
isotones’ 2þ bandheads (1118 keV for 172Yb and 934 keV
for 170Er) and the (3þ), (4þ), and (5þ) levels of 166Gd, the
2þ bandhead for 166Gd is estimated to be at ≈1190 keV.
The (5þ) level in 164Sm likely belongs to its corresponding
γ band. However, the lack of statistics does not allow
further determination of the γ-band members. The assign-
ment of (5þ) spin and parity to this level is consistent with
the E1 multipolarity assignment of the 349 keV transition
depopulating the (6−) isomeric state.
Different quasiparticle configurations may have different
spin projections K on the symmetry axis of the deformed
nucleus. Transitions between states with different K values
can be forbidden by the ΔK ≤ λ selection rule, where λ is
the multipole order of the transition. K forbiddenness can
result in long-lived states at high excitation energy [11] like
the ones observed in this work. The hindrance factor is
strongly correlated with the degree of forbiddenness,
ν ¼ ΔK − λ. The reduced hindrance of a transition is
then defined using the partial half-life relative to the
single-particle Weisskopf estimate, expressed as fν ¼
ðTγ1=2=TW
1=2
Þ1=ν [11]. The 166Gd (6−) isomer decays via a
183 keV E1 transition to the γ band (ν ¼ 3) with a reduced
hindrance of fν ¼ 356ð7Þ and the 164Sm (6−) isomer
decays to the γ band via a 349 keV E1 transition with
fν ¼ 487ð38Þ. These are similar values which are also
broadly in agreement with the analysis of Löbner [25]. The
(6−) isomer in 166Gd also decays via a 146 keV E1
transition to the K ¼ 4 band (ν ¼ 1). The reduced hin-
drance is fν ¼ 3.77ð24Þ × 107, in accordancewith the large
change in valence nucleons required for this transition: the
two-neutron quasiparticle state decays and a two-proton
quasiparticle state is created.
A key feature of our results is that the isomers decay to
low-lying excited states, which can themselves be used to
deduce basic nuclear structure information. Especially
useful are the first 2þ and 4þ energies. Systematics of
Eð2þÞ and Eð4þ → 2þÞ are shown in Fig. 4. The observed
2þ and 4þ energies of 166Gd and 164Sm are the lowest in
their isotopic chains and of the N ¼ 102 isotones. This
suggests that these are the most deformed N ¼ 102 nuclei
observed in this region to date, although a further decrease
in energy with decreasing Z can be expected for Nd
(Z ¼ 60). These new points in the systematics also high-
light the increase of Eð2þÞ and Eð4þ → 2þÞ at N ¼ 100.
An increase in Eð2þÞ and Eð4þ → 2þÞ at N ¼ 100 in the
Dy chain was previously observed. However, it was unclear
TABLE III. Low-lying quasiparticle states in 166Gd and 164Sm,
predicted by potential energy surface calculations. Those marked
with  are energetically unfavored configurations according to
the residual spin-spin coupling rule; therefore, an average
200 keV energy has been added to these states. The calculations
give γ ¼ 0 for all predicted states.
Kπ Configuration β2 β4 β6 Ex (MeV)
166Gd
g.s. 0.296 0.015 −0.020
6− ν5
2
−½512 ⊗ ν7
2
þ½633 0.291 0.014 −0.017 1.288
4þ π3
2
þ½411 ⊗ π5
2
þ½413 0.299 0.017 −0.022 1.300
3þ ν1
2
−½521 ⊗ ν5
2
−½512 0.292 0.015 −0.018 1.400
4− ν1
2
−½521 ⊗ ν7
2
þ½633 0.284 0.015 −0.013 1.684
4− π3
2
þ½411 ⊗ π5
2
−½532 0.287 0.011 −0.015 1.769
5− π5
2
þ½413 ⊗ π5
2
−½532 0.289 0.013 −0.017 1.826
164Sm
g.s. 0.301 0.030 −0.023
6− ν5
2
−½512 ⊗ ν7
2
þ½633 0.295 0.029 −0.020 1.301
5− π5
2
þ½413 ⊗ π5
2
−½532 0.294 0.027 −0.020 1.411
4− π3
2
þ½411 ⊗ π5
2
−½532 0.295 0.027 −0.021 1.907
4− π5
2
þ½413 ⊗ π3
2
−½541 0.285 0.018 −0.020 2.195
4þ π5
2
−½532 ⊗ π3
2
−½541 0.280 0.015 −0.016 2.502
FIG. 4 (color online). Systematics of Eð2þÞ and Eð4þ → 2þÞ
for Sm, Gd, Dy, Er, and Yb isotopes. All data points from [26]
and this work.
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if this increase is due to a local minimum at N ¼ 98 or a
local maximum at N ¼ 100.
Our total energy surface calculations predict a smooth
increase of β2 deformation with increasing neutron number.
Maximum deformation is reached at N ¼ 102 with β2 ¼
0.296 and 0.301, respectively, for Gd and Sm isotopes.
Other calculations show a similar picture. For example,
Moller et al. [7] also predict a smooth change in β2
deformation, with a maximum at N ¼ 102 for Sm
(Z ¼ 62), Gd (Z ¼ 64), and Dy (Z ¼ 66).
There have been several calculations performed on Dy
isotopes due to its midshell Z value. Hartree-Fock calcu-
lations using a variety of Skyrme parametrizations were
performed on Dy isotopes in Ref. [27]. The majority of
Skyrme forces predict a maximum deformation at
N ¼ 102, while others place it at N ¼ 100. Total energy
surface calculations of the type used in the present Letter
were performed in Ref. [28] for Dy, showing greater
deformation at N ¼ 102 compared to N ¼ 104 and
N ¼ 106, while those of Ref. [29] place the maximum
at N ¼ 100 using a cranked mean-field approach. More
recently, a microscopic study based on the pseudo-
SU(3) model also predicts a maximum deformation at
N ¼ 102 [30].
These calculations are all consistent in predicting a
smooth β2 deformation change in Sm, Gd, and Dy isotopic
chains. In contrast, the energy systematics of Sm, Gd, and
Dy isotopes do not change smoothly with N (see Fig. 4).
The Eð2þÞ is larger at N ¼ 100 than at N ¼ 98 and
N ¼ 102. The systematics of Dy suggest that the Eð2þÞ
at N ¼ 98 is unexpectedly low. The same is valid, although
to a lesser extent, in the heavier Er and Yb isotopes. How-
ever, in Gd and Sm isotopes the Eð2þÞ and Eð4þ → 2þÞ
values at N ¼ 100 appear higher than the systematic trends
suggest. Analysis of Eð2þÞ, Eð4þ → 2þÞ (see Fig. 4) and
Eð6þ → 4þÞ all suggest the same picture: unexpectedly
low energies at N ¼ 98 for Dy, Er, and Yb, and unexpect-
edly high energies at N ¼ 100 for Gd and Sm.
Remarkably, the most recent projected Hartree-Fock
calculations performed by Ghorui et al. for neutron-rich
Sm isotopes [10], and now also for Gd isotopes [31], in fact
show a slightly increased Eð2þÞ energy at N ¼ 100
compared to N ¼ 98 and N ¼ 102 (Sm only). Their
emphasis was on the prediction of a deformed shell gap
at N ¼ 100, along with a smooth change in β2 deformation
throughout the isotopic chains. Other calculations using
relativistic mean-field formalism had already suggested
N ¼ 100 to be a deformed magic number [32,33]. These
calculations also show that a deformed shell closure would
have an effect on the masses of Z ≤ 62 nuclei (164Sm,
162Nd, 160Ce, and 158Ba) which manifests as a discontinuity
of the two-neutron separation energies. However, these
nuclei are far from stability and, according to the recent
AME2012 atomic mass evaluation, the masses of these
nuclei are unknown [34]. Where such information exists
(Z ≥ 70) there is no evidence for the deformed magicity of
N ¼ 100. However, the anomalous Eð2þÞ behavior has
been observed in Dy isotopes [9], and more prominently
here in Gd and Sm isotopes, clearly highlighting complex
deformation variations. This behavior gives support to the
appearance of a deformed N ¼ 100 shell gap for Z ≤ 66,
and this will influence r-process abundance calculations
[5,6]. Confirmation through mass measurements is now
needed in order to clarify the remarkable structure evolu-
tion in this doubly midshell region. Further investigation of
the role of β6 deformation is also warranted.
In summary, excited states in 166Gd and 164Sm have been
observed from the decay of newly found isomeric states
with half-lives of 950(60) and 600(140) ns, respectively.
Total energy surface calculations are in agreement with
a 6− spin-parity assignment for these isomers, with a
ν5
2
−½512 ⊗ ν7
2
þ½633 configuration. A local maximum of
the ground-band energies at N ¼ 100 is revealed for Sm
and Gd isotopes.
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The decay of a new four-quasiparticle isomeric state in 160Sm has been observed using γ -ray 
spectroscopy at the RIBF, RIKEN. The four-quasiparticle state is assigned a 2π ⊗2ν π 52
−[532], π 52
+[413], 
ν 52
−[523], ν 72
+[633] conﬁguration. The half-life of this (11+) state is measured to be 1.8(4) μs. The 
(11+) isomer decays into a rotational band structure, based on a (6−) ν 52
−[523] ⊗ ν 72
+[633] bandhead, 
consistent with the gK − gR values. This decays to a (5−) two-proton quasiparticle state, which in turn 
decays to the ground state band. Potential energy surface and blocked-BCS calculations were performed 
in the deformed midshell region around 160Sm. They reveal a signiﬁcant inﬂuence from β6 deformation 
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and that 160Sm is the best candidate for the lightest four-quasiparticle K isomer to exist in this region. 
The relationship between reduced hindrance and isomer excitation energy for E1 transitions from 
multiquasiparticle states is considered with the new data from 160Sm. The E1 data are found to agree 
with the existing relationship for E2 transitions.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
The existence of nuclear metastable, or isomeric, states with 
half-lives of nanoseconds or longer provides a useful tool, enabling 
spectroscopic investigation of intrinsic and collective states within 
a nucleus that might otherwise be diﬃcult to observe. In combina-
tion with projectile fragmentation and ﬁssion reactions, isomers 
can give unique access to the high-spin excited-state structure 
of neutron-rich nuclei, but only if suitable high-spin isomers ex-
ist. Therefore, understanding the formation and stability of multi-
quasiparticle isomers is a key part of fully exploiting the new 
generation of radioactive-beam facilities.
The projection of the angular momentum of a nucleus on its 
symmetry axis is known as the K quantum number. K isomerism 
arises from axially symmetric deformation in the nucleus, enabling 
the nucleus to be ‘trapped’ in an aligned spin orientation relative 
to its symmetry axis [1]. K -isomeric states appear systematically in 
neutron-rich nuclei with A ≥ 150 which typically have deformed 
prolate shapes. The nucleus is isomeric when the transition to a 
lower energy state with a different K value is inhibited by the 
K ≤ λ selection rule, where λ is the multipole order of the tran-
sition. These transitions are able to proceed through symmetry-
breaking processes, where the hindrance factor is strongly corre-
lated with the degree of forbiddenness, ν = K − λ. The partial 
half-life of the isomeric state relative to the single-particle Weis-
skopf estimate is known as the reduced hindrance of a transition, 
expressed as fν = (T γ1/2
/
T W1/2)
1/ν [1].
K isomers may arise from the breaking of one or more cou-
pled nucleon pairs to form multiquasiparticle (multi-qp) states. 
The excitation energy and other properties of these states depend 
strongly on the number of proton and neutron states involved [2]. 
Prior to this work, 164Er (Z = 68, N = 96) was the lightest nucleus 
with a known four-qp K isomeric state [3]. Many two-qp isomeric 
states have been discovered in nuclei lighter than 164Er, for ex-
ample, in 156,158,160,164Sm (Z = 62) [4–7], 152,154,156Nd (Z = 603) 
[6,8–11], and 166Gd (Z = 64) [7], but none ≥ four-qp. Increasingly 
more neutron-rich isotopes must be populated to further probe 
this region. The radioactive isotope beam factory, RIBF, at RIKEN 
has more recently enabled population of these nuclei using high 
uranium beam intensities.
Nuclei around 160Sm were populated by in-ﬂight ﬁssion of a 
345 A · MeV 238U beam incident on a 4 mm thick 9Be target at 
the RIBF. The beam intensity at the target was 10 particle-nA on 
average. The secondary radioactive isotope beam containing the 
nuclei of interest was passed through the BigRIPS and ZeroDegree 
spectrometers: a two-stage achromatic separation system that sep-
arates and identiﬁes the beam species on an ion by ion basis, us-
ing time-of-ﬂight, magnetic rigidity and energy loss (TOF-Bρ-E) 
[12,13].
Delayed γ rays were detected from the isomeric decay of the 
tagged ions using EURICA (Euroball-RIKEN Cluster Array) [14–16]: 
84 HPGe crystals arranged in a 4π conﬁguration around a copper 
passive stopper. The absolute eﬃciency of the array was 16.6% at 
100 keV and 7.6% at 1 MeV. A 100 μs time coincidence window 
was used to correlate ion implantation to γ -ray detection.
Delayed γ rays from the isomeric decay of 160Sm are shown 
in Fig. 1. All labelled peaks have been identiﬁed and placed in 
the level scheme. A previous experiment by Simpson et al. [6] had 
identiﬁed a (5−) two-qp isomer that decays via 878 and 1128 keV 
transitions to the 6+ and 4+ states in the ground state band re-
spectively. In addition to these transitions, γ rays from the decay 
of a four-qp isomer are now observed in the current work. In 
particular a strongly-coupled rotational band structure is newly 
identiﬁed. These new γ rays have been added to the 160Sm level 
scheme, presented in Fig. 2.
The level scheme was deduced from γ –γ coincidence analy-
sis. The new γ rays with the highest energy (432 and 641 keV) 
were determined to depopulate the isomeric state directly. The 
2+ → 0+ 71 keV γ ray cannot be observed in Fig. 1 due to a 
strongly competing electron conversion process, but has been ob-
served in coincident spectra. In addition to the γ rays placed in 
the 160Sm level scheme, weak γ rays at 123, 149, and 316 keV are 
also observed in Fig. 1, but were unable to be placed due to low 
statistics in the coincident spectra.
The spin and parity assignments in Fig. 2 are determined from 
the transition multipolarities, which have been obtained from the 
intensity balances through the levels and the decay patterns. The 
intensities can be seen in Table 1. The intensity is not required 
to balance when transitioning through the (5−) isomeric state. The 
spin and parity assignments are tentative in the absence of directly 
measured electron conversion coeﬃcients and γ -ray angular cor-
relations.
The half-life of the four-qp isomeric state was measured to be 
1.8(4) μs, from the weighted average of the 432 and 641 keV γ -ray 
half-lives. The half-lives were measured from the exponential de-
cay curves derived from the time between ion implantation and 
γ -ray detection (see inset in Fig. 1). The half-life of the (5−) two-
qp state was previously measured at 120(46) ns [6]. The half-life of 
this isomeric state was not measured in this work as the statistics 
were not suﬃcient to resolve the two different half-lives.
Two γ rays of 432 and 641 keV depopulate the four-qp iso-
mer into a band structure built on a two-qp bandhead. A spin of 
at least 11h¯ for the four-qp state is required by the absence of a 
transition from the isomeric state to the (9−) state. Spin-parities 
of 11+ and 12− are permitted by the experimental data. Our cal-
culations presented below suggest a Kπ = 11+ assignment for the 
four-qp state.
To further understand the level scheme blocked-BCS cal-
culations [17] were performed. BCS theory treats the nucleus 
as a superﬂuid, where the presence of unpaired particles af-
fects the superﬂuidity through a “blocking effect”. In this work 
the pairing strengths were ﬁxed as Gπ = 21.00 A · MeV and 
Gν = 20.00 A ·MeV, in accordance with Jain et al. [17]. The Nilsson 
energies were then calculated for a set of deformation parameters; 
	2 = 0.267 and 	4 = −0.027, taken from Möller et al. [18]. The 
results can be seen in Table 2.
These calculations show that a 6− neutron state with a 
ν 52
−[523] ⊗ ν 72
+[633] conﬁguration and a 5− proton state with 
a π 52
−[532] ⊗π 52
+[413] conﬁguration are the lowest energy two-
qp states. The combination of these states forms an 11+ four-qp 
state. The two-qp state depopulated by the 878 and 1128 keV tran-
sitions was previously suggested to be a (5−) state arising from a 
two-neutron ν 52
+[642] ⊗ν 52
−[523] conﬁguration [6]. However, our 
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Fig. 1. Energy spectrum of delayed γ rays from 160Sm observed 0.5 to 2.5 μs follow-
ing implantation. All labelled γ rays have been placed in the level scheme. Those 
marked with ﬁlled circles are the 123, 149, and 316 keV γ rays that were unable 
to be placed in the level scheme. Inset: The exponential decay curve from the four-
quasiparticle isomeric decay of 160Sm, obtained from the 432 and 641 keV γ rays.
Fig. 2. Level scheme of 160Sm. All γ rays above the (5−) two-qp state are new. The 
half-life of the (5−) state is from Ref. [6].
blocked-BCS calculations show that a 5− two-proton conﬁguration 
is preferred.
The branching ratios in a band can be used to infer the band-
head conﬁguration. The difference between the expected and ex-
perimental intrinsic g factor (gK ) can indicate whether a band 
structure is built on a proton or a neutron bandhead.
The expected intrinsic g factor is calculated from K gK =

(g + g

), where  and 
 are the projections of the or-
bital angular momentum and intrinsic spin on the symmetry axis 
respectively, and g and g
 are the corresponding g factors. g
is 0 for neutrons and 1 for protons, and g
 is 4.99 for protons and 
−3.23 for neutrons; attenuated from their free values by a factor 
of 0.6 [19]. Our BCS calculations have revealed a 6− two-qp state 
is lowest in energy for neutrons and a 5− two-qp state is lowest in 
energy for protons. The expected gK for these conﬁgurations is 0 
and 1 respectively. The experimental values for gK are found using 
the following:
|gK − gR |
Q 0
= 0.933 E1
δ
√
I2 − 1
where gR is the rotational g factor, taken as 0.3 [19], Q 0 is the 
intrinsic quadrupole moment, taken to be 7.0 e · b from Sm sys-
Table 1
Initial level energy, E i , spin-parity, Jπi , and branching ratio, Btot (corrected for elec-
tron conversion) of the levels obtained for 160Sm in this work. For each γ ray the 
energy, Eγ , γ -ray intensity, Iγ relative to the 1128 keV γ -ray intensity, and ﬁnal 
level spin, Jπf , are listed.
E i (keV) Jπi Eγ (keV) Iγ (rel.) Btot(rel.) J
π
f
71 2+ 71(1)a 100 0+
232.9 4+ 161.9(3) 91(11) 100 2+
483.2 6+ 250.3(4) 34(6) 100 4+
1361.0 (5−) 877.8(4) 24(5) 20(5) 6+
1127.9(4) 100 80(19) 4+
1468.5 (6−) 107.5(3) 26(5) 100 (5−)
1602.0 (7−) 133.5(3) 53(8) 100 (6−)
1754.3 (8−) 152.3(4) 45(9) 84(25) (7−)
286.4(4) 12(3) 16(5) (6−)
1925.7 (9−) 171.4(4) 24(5) 62(17) (8−)
324.1(4) 20(5) 38(11) (7−)
2116.1 (10−) 190.4(4) 30(6) 51(12) (9−)
362.0(3) 35(6) 49(11) (8−)
2325.2 (11−) 209.1(5) 6(4) 33(25) (10−)
399.5(5) 13(4) 67(52) (9−)
2757.3 (11+) 432.1(4) 21(5) 25(6) (10−)
641.1(3) 64(9) 75(18) (11−)
a The 71 keV γ ray is only observed in coincident spectra.
Table 2
Low-lying quasiparticle states in 160Sm predicted by blocked-BCS calculations 
(marked with a B) and potential energy surface calculations (marked with a P). 
The potential energy surface calculations have only been performed for the lowest 
energy states.
Kπ Conﬁguration EBx(E
P
x) (MeV) E
exp
x (MeV)
ν two-qp
6− ν 52
−[523] ⊗ ν 72
+[633] 1.401 (1.727a) 1.468
3+ ν 52
−[523] ⊗ ν 12
−[521] 1.674b
5+ ν 52
−[523] ⊗ ν 52
−[512] 1.953
3− ν 12
−[521] ⊗ ν 52
+[642] 2.115
π two-qp
5− π 52
−[532] ⊗π 52
+[413] 1.032 (1.457a) 1.361
4− π 52
−[532] ⊗π 32
−[411] 1.569b
4+ π 52
+[413] ⊗π 32
−[411] 1.631
4− π 52
+[413] ⊗π 32
−[541] 2.107
four-qp
11+ ν 52
−[523] ⊗ ν 72
+[633], 2.433 (3.214a) 2.757
π 52
−[532] ⊗π 52
+[413]
8− ν 52
−[523] ⊗ ν 12
−[521], 2.706b
π 52
−[532] ⊗π 52
+[413]
10+ ν 52
−[523] ⊗ ν 72
+[633], 2.970b
π 52
−[532] ⊗π 32
−[411]
a (β2, β4, β6) = (0.294, 0.052, −0.017), (0.287, 0.046, −0.011), and (0.290, 0.048,
−0.013) for Kπ = 6− , 5− , and 11+ states respectively.
b 200 keV has been added to these states as they have energetically unfavoured 
conﬁgurations according to the residual spin-spin coupling rule.
tematics, and E1 is the energy of the M1/E2 mixed transition in 
MeV from an initial state with spin I . The quadrupole/dipole mix-
ing ratio, δ, is calculated using the formula:
q = δ
2
1+ δ2 =
2K 2(2I − 1)
(I − K − 1)(I + K − 1)(I + 1)
E51
E52
λb
where λb is the γ -ray branching ratio and E2 is the energy of the 
E2 transition from the initial state. The results can be seen in Ta-
ble 3. Two values of gK are given due to the rearrangement of 
the modulus, |gK − gR | in the above equation. These values show 
that the bandhead regardless of Kπ must be comprised of a two-
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Table 3
Experimental gK values for various transitions in 160Sm, considering K = 5 and 
K = 6 bandheads. Two values exist due to the modulus |gK − gR |. Theoretical values 
are gK = 0 for neutrons and gK = 1 for protons.
Kπ Jπi E1 and E2 (keV) g
exp
K
5− 11− 209 and 399 −0.11(27), 0.71(26)
5− 10− 190 and 362 −0.12(14), 0.72(14)
5− 9− 171 and 324 −0.10(16), 0.70(16)
5− 8− 152 and 286 −0.24(23), 0.84(23)
5− weighted average −0.13(16), 0.73(16)
6− 11− 209 and 399 0.00(20), 0.60(20)
6− 10− 190 and 362 0.00(10), 0.61(10)
6− 9− 171 and 324 0.03(11), 0.57(11)
6− 8− 152 and 286 −0.13(37), 0.73(37)
6− weighted average −0.01(16), 0.61(16)
neutron state, as they are consistent with the theoretical value of 
gK = 0, but not with gK = 1.
The assignment of a (6−) neutron bandhead for the main band 
structure, rather then a (5−) neutron bandhead is made on the ba-
sis of a lack of observation of a transition from the 7− state to 
the 5− , which would have an energy of 240 keV. The expected 
γ -ray intensity of this transition was calculated using the g-factor 
formula, rearranged for Iγ and found to be 570(70) counts (assum-
ing E2 multipolarity). This transition, if present, would be easily 
observable in the γ -ray energy spectrum, with Iγ (rel.) = 12(2), 
comparable to the 286 keV peak. As we do not observe this peak, 
we assign the bandhead to the (6−) state rather then the (5−) 
state.
It has been noted in this mass region that β6 deformation 
can be signiﬁcant [18] and can have a measurable effect on the 
structure of the nucleus [7]. In order to quantify this effect po-
tential energy surface calculations were performed on 160Sm and 
its neighbouring nuclei. The total energy of the conﬁgurations was 
minimised in (β2, β4) deformation space and (β2, β4, β6) deforma-
tion space. For more details see Refs. [20,21]. The inclusion of β6 in 
the calculations has the greatest effect on the 6− 2-neutron state 
in 160Sm, where the energy is reduced by 100 keV. Conversely, 
the energy of the 5− 2-proton state increases by 50 keV with the 
inclusion of β6, enabling the 6− state to compete. Consequently, 
β6 plays a role in moving the calculated 6− and 5− bandheads 
closer together in energy. The energies of the assigned bandheads 
calculated using (β2, β4, β6) deformation space are shown in Ta-
ble 2.
The reduced hindrance of a transition removes the dependence 
of the half-life on energy and the multipole order, λ, of the transi-
tion. Therefore we would expect similar reduced hindrance values 
for isomers around 160Sm. However, a systematic study of E1 tran-
sitions reveals an fν dependence on E − ER , similar to that known 
for E2 transitions [29], where E is the energy of the isomeric state 
and ER is the rigid rotor energy for the same angular momentum. 
Fig. 3. Reduced hindrance, fν , of E1 transitions versus the difference between ex-
citation energy of the isomeric state and the rigid rotor energy. Data points taken 
from Refs. [19,22–28] and the current work. A pairing energy of 0.9 MeV has been 
added to odd-A nuclei.
The rigid rotor energy of 160Sm was calculated to be 927 keV, us-
ing a moment of inertia of 71h¯2 MeV−1, found by scaling with 
A5/3 using 85h¯2 MeV−1 for 178Hf. For the (11+) isomer this gives 
E − ER = 1.83 MeV.
The reduced hindrances of the 432 and 641 keV transitions, and 
the 878 and 1128 keV transitions were calculated. All four E1 tran-
sitions have very similar reduced hindrance values of 21(1), 22(1), 
21(2) and 18(2) for 432, 641, 878, and 1128 keV respectively. Fol-
lowing common practice [22–24,27], FW has been divided by 104
in an attempt to allow for the hindered nature of K -allowed E1
transitions.
A plot of fν versus E − ER can be seen in Fig. 3 for E1 tran-
sitions with ν ≥ 4. Isomers with ν < 4 are less forbidden and 
therefore excluded. The data are summarised in Table 4. The solid 
line in the plot is taken from statistical calculations for E2 tran-
sitions [29]. The data from E1 transitions, including the new data 
point from the four-qp isomer in 160Sm agree well with this trend. 
This relationship is evidence that reduced hindrance is sensitive to 
the excitation energy of the four-qp isomeric state. This could be 
due to greater K mixing at higher excitation energies: the density 
of states increases with excitation energy which statistically leads 
to more states with the same spin and parity to mix with [29]. 
To further test this relationship, data on lighter deformed isomers 
with four-qp states are required.
To date, 160Sm is the lightest four-qp K isomer observed. 
Blocked-BCS calculations were performed on lighter nuclei in this 
region to test the limits of existence of four-qp isomers. The next 
best candidate is predicted to be a four-qp isomer in 158Sm, with 
Table 4
Data summary of four-qp and higher-order-qp isomers with E1 transitions used in Fig. 3. Those marked with ∗ have 0.9 MeV added to account for pairing energy.
Nucleus Kπ t1/2 Eγ (keV) E (MeV) E − ER (MeV) ν fν
160Sm (11+) 1.8(4) μs 641 2.78 1.83 4 22
160Sm (11+) 1.8(4) μs 432 2.78 1.83 4 21
164Er [24] 12+ 68(2) ns 555 3.38 2.33 4 9.4
173Tm [27] 35/2− 121(28) ns 655 4.05 2.95∗ 6 8.3
174Yb [25,26] 14+ 55(4) ns 786 3.70 2.42 6 9.9
174Hf [23] 14+ 3.7 μs 379 3.31 2.03 5 15
174Hf [23] 14+ 3.7 μs 155 3.31 2.03 7 8.9
175Hf [23] 45/2+ 2 μs 291 4.64 2.34∗ 4 19
182Hf [22] (13+) 40(10) μs 264 2.57 1.54 4 24
179W [19] 35/2− 750(80) ns 625 3.35 2.36∗ 12 4.1
183Os [28] 43/2− 27(3) ns 351 5.07 3.25∗ 4 4.9
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Kπ = 10+ and E = 2.424 MeV. However, to date only a two-qp 
isomeric state has been observed in this nucleus [3]. Due to the 
lower spin, the predicted four-qp isomer in 158Sm would likely 
have a shorter half-life than that of 160Sm. Overall, the calcula-
tions show that 160Sm is the strongest candidate for the lightest 
four-qp isomer to exist in this region, consistent with our new ob-
servations.
In summary, a new four-qp isomer has been observed in 160Sm
with a half-life of 1.8(4) μs. The level scheme has been extended 
using the present spectroscopic data. This is the lightest four-qp K
isomer observed to date. The new data from 160Sm agree well with 
the inverse correlation between reduced hindrance and excitation 
energy for E1 and E2 transitions, shown here for the ﬁrst time for 
E1 transitions. Blocked-BCS calculations reveal 160Sm and 158Sm
are the best candidates for deformed four-qp isomers. However, 
further experiments are needed to ascertain the Z and N limits 
for their existence.
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Commissioning of a LaBr3(Ce) array with EURICA at RIBF
Z. Patel,∗1,∗2 F. Browne,∗1,∗3 A. M. Bruce,∗3 N. Chiga,∗4 R. Daido,∗5 S. Nishimura,∗1 Zs. Podolya´k,∗2
P. H. Regan,∗2,∗6 O. J. Roberts,∗3 H. Sakurai,∗1 P.-A. So¨derstro¨m,∗1 T. Sumikama,∗4 and H. Watanabe∗7
An array of 18 LaBr3(Ce) detectors were introduced
to complement the HPGe EURICA (Euroball-RIKEN
Cluster Array) detectors for the Spring 2013 campaign
at RIBF. These detectors were supplied by The Uni-
versity of Surrey and The University of Brighton to
provide fast-timing information on the half-lives of ex-
cited states within radioactive nuclei1).
LaBr3(Ce) crystals are very fast scintillators with
high effective Z and a fast decay time. This makes
them superior to other detectors for γ-ray decay time
measurements, as they are able to measure half-lives
with a picosecond-nanosecond range while also pos-
sessing good energy resolution2,3).
Fig. 1.: A schematic of one-half of EURICA with
LaBr3(Ce) detectors, viewed perpendicular to the
beam line. The remaining unseen detectors are ar-
ranged at the bottom of the array.
Radioactive isotopes were delivered by BigRIPS to
the experimental area, where they were implanted into
WAS3ABi (Wide Angle Silicon Strip Stopper Array
for Beta and ion implantation). The resulting γ rays
following the isotope’s decay were detected by the
surrounding HPGe and LaBr3(Ce) detectors (Fig. 1).
Two plastic scintillators were added to WAS3ABi (one
upstream and one downstream) to provide a stop signal
for the short-range TDC of the LaBr3(Ce) detectors,
as the silicon detector’s time resolution is too poor at
hundreds of nanoseconds.
∗1 RIKEN Nishina Center
∗2 Department of Physics, The University of Surrey
∗3 School of Computing, Engineering and Mathematics, The
University of Brighton
∗4 Department of Physics, Tohoku University
∗5 Department of Physics, Osaka University
∗6 Radioactivity Group, National Physics Laboratory
∗7 Department of Physics, Beihang University
The LaBr3(Ce) crystals are ∅ 1.5” x 2”, each cou-
pled to a H10570MOD Hamamatsu PMT. The crystals
have removable 5 mm lead shields to prevent crosstalk
between detectors. The configuration can be seen in
figure 1. The plastic scintillators measured 45 mm x
150 mm x 2 mm and were placed approximately 3 -
5 mm from the first and last DSSDs.
The PMTs of the LaBr3(Ce) detectors have an an-
ode and a dynode output for timing and energy mea-
surements respectively. The energy signal was taken
from the last dynode of the 8-stage PMT and passed to
a CAEN N568B shaping amplifier followed by a CAEN
V785 ADC. The time signal from the anode is passed to
an Ortec 935 CFD and then divided between a CAEN
V775 short-range TDC and a CAEN V1190A long-
range TDC. A stop signal from the plastic scintillator
at F11 (∼ 1 m before WAS3ABi) or from WAS3ABI is
used for the long-range TDC. The stop signal for the
short-range TDC is taken from the plastic scintillators.
Fig. 2.: Absolute efficiency of the LaBr3(Ce) detectors
measured using 152Eu and 60Co sources.
The absolute efficiency of the LaBr3(Ce) array is
shown in figure 2. This was measured using 152Eu
and 60Co point sources placed inside the WAS3ABi
chamber, with the LaBr3(Ce) detectors positioned on
average ∼ 10 cm from the silicon strip detectors.
Analysis of data taken by the LaBr3(Ce) detectors
is in progress: preliminary results from half-life mea-
surements in Zr isotopes can be found in reference 4.
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Appendix B
Reduced hindrance data
Table B.1: Data summary of all reduced hindrances found for E1 transitions in this work. Fω has
been reduced by 104 for the calculation of fν .
Nucleus ∆K ν Eγ
(keV)
tγ1/2(exp) (s) t
γ
1/2(W) (s) Fω fν
159Sm 5 4 869.6(8) 5.03(1.71)× 10−8 3.40(1)× 10−16 1.48(50)× 108 11(1)
160Sm 5 4 432.1(4) 7.24(1.61)× 10−6 2.77(1)× 10−15 2.61(58)× 109 23(1)
160Sm 5 4 641.1(3) 2.41(53)× 10−6 8.50(1)× 10−16 2.83(63)× 109 23(1)
160Sm 5 4 877.8(4) 6.01(2.30)× 10−7 3.31(1)× 10−16 1.82(70)× 109 21(2)
160Sm 5 4 1127.9(4) 1.50(58)× 10−7 1.56(1)× 10−16 9.62(3.69)× 108 18(2)
162Sm 4 3 774.8(6) 1.70(20)× 10−6 4.81(1)× 10−16 1.01(16)× 1010 71(3)
164Sm 4 3 349.4(5) 6.06(14)× 10−7 5.25(1)× 10−15 3.54(42)× 109 23(2)
163Eu 4 3 536.5(4) 7.10(29)× 10−6 1.45(1)× 10−15 1.15(27)× 108 79(1)
163Eu 4 3 675.0(3) 1.20(4)× 10−6 7.28(1)× 10−16 4.90(20)× 109 55(1)
164Gd 4 3 854.7(5) 2.90(1.30)× 10−7 3.59(1)× 10−16 8.10(3.63)× 108 43(6)
166Gd 2 1 146.3(2) 2.56(16)× 10−6 7.14(1)× 10−14 3.58(23)× 107 3580(226)
166Gd 4 3 183.1(2) 1.70(11)× 10−6 3.65(1)× 10−14 4.67(30)× 107 17(1)
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Table B.2: Data for the trendline in the reduced hindrance plot in Fig. 6.5, calculated using the data
from the (14−) isomer in 178Hf.
E − ER (MeV) Statistical fν
0.724 100.12
1.000 58.07
1.339 32.70
1.500 25.54
2.000 12.78
2.500 6.95
3.000 4.00
3.500 2.41
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